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Synopsis 
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Power system security has been defined as the ability of the system to meet its load without 
unduly stressing its apparatus or allowing network variables to stray from prescribed 
range. Voltage security has recently gained importance due to stressed operation of power 
systems. To assess voltage security of a system, operating limits of bus voltage magnitudes 
and reactive power output of sources are checked for various contingency cases. 

Two major functions of power system security are security assessment and security 
control. The security assessment involves contingency analysis, which can be performed by 
AC load flow for various outage cases. However, the number of contingencies in a practical 
system is so large that they can not be analyzed on-line by AC load flow methods. In 
order to reduce the computational time, the contingencies are first ranked in rough order 
of their relative severity employing contingency selection algorithms. Then full AC load 
flow is run for only severe contingency cases. Contingency selection algorithm requires 
some fast methods, which may be approximate, to assess the system states following each 
outage. 
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Most of the works on voltage contingency selection have attempted use of approxi- 
mate methods such as local solution method, one iteration of AC load flow, the linearized 
load flow models [2,9] and the distribution factors [8]. Existing models of these methods, 
in general, provide results with large errors and many of them are based on unrealistic 
assumptions. The distribution factor method suggested in reference [8] is based on de- 
coupling assumption which may not be applicable in heavily stressed condition of power 
systems [12]. 

In order to assess the relative severity of the contingencies, scalar performance indices 
[1] have been used. Two typical problems with the performance indices are the masking 
and misranking effects. To avoid the misranking, the proper selection of weights for 
voltage and reactive power performance indices can be utilized. One attempt to use 
optimal weights in the performance indices is by Halpin et al. [4] who have utilized a 
probability based model. 

After performing the security assessment, if the system is found to be in insecure 
state, security controls are exercised in order to bring the system into secure state. It 
can be achieved by corrective rescheduling or by running security constrained optimal 
power flow, provided the available controls in the system are capable of overcoming the 
system insecurity. Most of the works on optimal power flow uses the minimization of 
fuel cost of the fossil units and/or system transmission loss as objective [7]. However, 
cost characteristics of generating units may not be available with certain utilities. Hence, 
optimal power flow can not be formulated on cost criteria. Such utilities also need some 
guidelines to optimally adjust the real and reactive power outputs of sources. One possible 
criteria to allocate the optimal settings of both the real and reactive power outputs of 
sources, can be the minimization of the system transmission loss. This may also help in 
enhancing the load delivery capacity of those utilities which are facing shortage of power. 

For solving optimal power flow, the conventional methods include the classical co- 
ordination method, linear programming, quadratic and Newton’s methods etc. However, 
these methods, in general, require close initial guess of variables and suffer from the con- 
vergence difficulties and local optima. Genetic algorithm (GA) [6] is becoming popular 
due to its robustness in finding near optimal solution. GA works on coding of parameters 
instead of their actual values and uses multiple path search along with probabilistic tran- 
sition rule in parameter space. It has been applied to some of the power system problems 
and is yet to be tried for the solution of complete optimal power flow problem. 
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Conventional security constrained optimal power flow considers the contingency con- 
straints to the optimal power flow problem which leads to the implementation of preventive 
control action. Though, this formulation may ensure a higher level of system security, but 
reduces the economic benefit of the optimal operation. In order to maximize the economic 
benefit of optimal power flow, system operation in correctively secure state has been sug- 
gested [5]. Base case optimal power flow results are not modified for the contingency cases. 
The corrective actions for each of the contingencies are planned, in advance, with the help 
of optimal power flows. However, sometimes, it may not be feasible to bring the system 
to normal state with available controls, specially following the severe contingencies. This 
leads to infeasibility of the optimal power flows. Very few works have been reported to 
handle infeasibility of optimal power flow or divergent power flow cases [3,10,11]. The 
corrective action planning to solve infeasibility of optimal power flow has been attempted 
in reference [3] by adding fictitious reactive power sources at problematic buses. 

Therefore, the motivations behind the work reported in this thesis are: 

(i) To develop more accurate models of linearized load flow suitable for predicting the 
bus voltages which can be utilized for voltage security assessment. • 

(ii) To explore new set of distribution factors to directly compute post-outage voltages 
and reactive power output of the sources following the outage of a transmission 
branch or a generator. 

(iii) To explore new higher order voltage and reactive power performance indices in order 
to eliminate the masking effects and a method for selection of optimal weights of 
the performance indices to eliminate the misranking problem. 

(iv) To develop a new optimal power flow model, considering system transmission loss 
minimization as an objective, to determine the optimal settings of the real and 
reactive power outputs of the sources and apply the genetic algorithm for its solution. 

(v) To suggest a method based on eigenvalue analysis for planning corrective controls 
in order to enhance the system voltage/reactive power security and to eliminate the 
infeasibility of optimal power flow problem. 

A brief description of the work reported in the thesis is given below: 
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Chapter 1 introduces the power system security and optimal power flow problems, 
presents a brief state-of-ar«t survey on the subject and sets the motivation behind the 
research work carried out in the thesis. 

In Chapter 2, six different models of new linearized load flows for voltage security 
analysis have been developed based on the principle of linearizing non-linear power flow 
equations ( in both polar and rectangular coordinates) around complete operating range 
using the least square error and integral square error minimization principles. 

Chapter 3 presents the developments of new set of distribution factors which have 
been computed using the sensitivity property of Newton-Raphson load flow Jacobian at 
a base operating point. These have been used to calculate the post-outage voltages and 
reactive power output of the sources following the outages of both transmission branches 
and generators. 

Chapter 4 investigates few higher order voltage and reactive power performance indices 
to remove masking effect. In order to avoid the misranking effect, a new procedure to 
compute the optimal weights has been suggested. 

Chapter 5 formulates the optimal power flow problem having objective of system trans- 
mission loss minimization to obtain optimal scheduling of both real and reactive power 
output of sources. The genetic algorithm has been used to solve the loss minimization 
problem and results have been compared with Flechter’s quadratic programming tech- 
nique. 

Chapter 6 presents the development of a method for corrective action planning which 
determines the controls to enhance the voltage/reactive power security. The left eigenvec- 
tor corresponding to the minimum eigenvalue of reduced power flow Jacobian has been 
utilized to compute the corrective controls. 

Chapter 7 highlights the main findings of the thesis and identifies the scope for future 
research in this area. 
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Chapter 1 


Introduction 


1.1 General 

With ever-increasing interconnections and loading in the modem power system networks, 
all over the world, power utilities are facing a major challenge in maintaining desired secu- 
rity of power supply. An operationally secure power system is one with low probability of 
black out or equipment damage. Security is a term used to reflect a power system’s ability 
to meet its load without unduly stressing its apparatus or allowing network variables to 
stray from prescribed range. 

A power system runs under two sets of constraints viz. load constraints and operating 
constraints. The load constraints impose the requirements that all the loads be met and 
the operating constraints impose lower and upper limits on network variables. With 
these constraints, a three state model of power system security was first suggested by 
DyLiacco [1] in 1967. A system is said to be in normal state when both the load and 
operating constraints are met. The system is in emergency state when there are violations 
of operating constraints, though, the load constraints are satisfied. In restorative state , 
the system operating constraints are met but load constraints are not satisfied. Further 
detailed classification of power system states have been suggested by Fink and Carlsen [17] 
and Stott et al. [55]. 

The security is referred with respect to a certain prespecified credible contingencies. 
The contingencies are either in the form of network outages such as a line or transformer 
outage or in the form of power outages e.g. a generator outage. The quantities which are 
important from limit violation viewpoint are branch flows for line security or MW security 
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and bus voltage magnitudes for voltage security. This thesis has mainly considered the 
static voltage security problem which has also attracted the attention of researchers in 
the recent past. 

The concept of security in system operation may be delineated into three compo- 
nents, namely, monitoring, assessment and control. Security monitoring starts with the 
measurements of real time system data to provide up-to-date information of the current 
condition of power system. Security assessment is the process whereby any violation of 
operating limits is detected. It has two functions. The first is the detection of violation 
of the actual system operating states. The second, much more demanding, function of 
security assessment is contingency analysis and normally performed into three distinct 
stages: contingency definition, selection and evaluation. 

Contingency definition gives the list of contingencies to be processed whose probability 
of occurrence is high. Contingency selection employs an adaptive scheme to select a set 
of important and critical contingencies. It invariably uses an approximate power system 
model with appropriate computational techniques, to give relatively fast but results with 
limited accuracy. On the basis of these results, the contingency cases are ranked in 
rough order of their relative severities. Contingency evaluation using AC power flow is 
then performed on the contingency cases in decreasing order of severity. The process is 
continued up to the point where no post-contingency violations are encountered. In some 
cases, contingency selection and evaluation are merged into one process. A single set of 
simulation on contingency list can be performed when either : 

(1) the accuracy of an approximate selection type model/solution is adequate through- 
out, or 

(2) when fast selection cannot be performed reliably and more accurate evaluation type 
model/solution are needed throughout. 

Security control or security optimization is concerned with the selection of control actions 
to prevent the violations or to minimize the impact of contingencies. It can be formulated 
as an optimal power flow (OPF) problem. The general OPF formulation involves the 
minimization of objective function(s) subject to specific operating constraints. Different 
classes of OPF problems for security control, tailored towards special purpose applications, 
are defined by selecting appropriate objective functions to be minimized along with the 
set of control variables and constraints. 



CHAPTER 1. INTRODUCTION 


3 


For secure operation of the system, it is essential to modify the dispatch philosophy 
such that it ensures the normal operation of the system even under contingency cases. In 
some cases, the solution of OPF may not remain feasible with available controls, specially 
while considering the severe contingencies. To ensure the security of the system, it is 
important to plan for corrective control actions to bring the system back into normal 
state or in a feasible constrained region. 


1.2 State of Art 

The problem of security, as it pertains today, emerged in the wake of the 1965 northeast 
blackout in U.S. The most significant paper in the literature of security is that of DyLiacco 
on adaptive reliability [1]. In this paper, the system security was defined with respect 
to the operating states. The problem of security monitoring has been introduced as that 
of monitoring, the conditional transition of the system into an emergency state through 
contingency analysis. 

On-line contingency analysis becomes difficult due to the conflict between the accuracy 
with which the power system is to be solved and the speed required to simulate all the 
contingencies. In order to speed up the contingency analysis process, contingency selection 
is performed. The methods for contingency selection broadly falls under two classes - 
direct methods and indirect methods. In general, indirect methods [18,24,46,82] are less 
accurate, but faster and selective than the direct methods [28,43,94]. The direct method 
assembles the appropriate severity indices using the individual monitored quantities (bus 
voltages, branch flows, reactive generation). This implies that these quantities have to be 
first calculated. In contrast, the indirect methods rely on explicit calculation of severity 
indices without evaluating the individual monitored quantities. 

The knowledge of individual monitored quantities permits the calculation of severity 
indices of any desired complexity without significantly affecting the numerical performance 
of the direct methods. Therefore, over last few years, more attention has been paid to the 
direct methods. Direct contingency screening methods can be classified by the embedded 
modeling assumptions. Two distinct classes of methods can be identified : 

• linear methods specially designed to screen contingencies for possible real power 
(branch MW overload) problem, 
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• non-linear methods designed to detect both the real and reactive power problem 
including voltage problems. 

Much of the developments on contingency selection has been performed for the active 
power problems using DC power flow or some other linearized models. A review of MW 
ranking methods has been presented in reference [68]. For voltage contingency selection, 
a number of trends has emerged. The most important amongst them either attempt to 
localize the outage effects, or speed up the non-linear solution of entire system. 

The concentric relaxation method of Zaborsky et al. [20] can be seen as the earliest 
localization attempt. The main idea behind the method is to solve a small portion of the 
system in the vicinity of the contingency while treating the remainder of the network as an 
infinite expanse. The area to be solved is concentrically expanded until the incremental 
voltage changes along the last solved tier of buses is not significantly affected by the 
inclusion of the additional tier of buses. This method suffers from unreliable convergence, 
lack of consistent criteria for selection of buses. 

A modification of the original approach has used a fixed number of tiers for AC contin- 
gency selection as suggested by Lauby et al. [36]. They have compared three methods of 
contingency selection including a performance index (PI) method, a local solution method 
and a single iteration of the Stott - Alsac’s fast decoupled load flow. The authors ob- 
served that PI method performs well in detecting wide spread and severe voltage problems. 
However, the PI method is not well suited for the detection of local problems. The local 
solution method has been reported to be well suited for selecting circuit outages. 

Several attempts have been made at improving the solution efficiency specially for 
large systems. These can be classified as follows: 

• attempts to speed up the solution by means of approximation and/or partial (in- 
complete) solutions [9,28,43] 

• attempts to speed up the solution by means of using network equivalents (reduced 
network representation) [53,94]. 

The use of a partial (incomplete) solution became well established with the introduc- 
tion of the single load flow iteration approach [28]. The main idea behind the method 
was to take advantage of the speed and reasonably fast convergence of the fast decoupled 
power flow by limiting the number of iterations to one. The single iteration approach has 
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been combined with other techniques like use of the reduced network representation [53] 
to improve numerical efficiency. 

An alternative approach is based upon bounding of outage effects [72,82]. Similar to 
the bounding in linear contingency screening [56], an attempt to find the solution only 
in stressed areas of the system is made. A set of bounding quantities is built to identify 
buses which can partially have large reactive mismatches. The actual mismatches are then 
calculated and the forward solution is performed only for those buses with significant 
mismatches. The complete bounding method expanded the conventional set of limit 
violation severity indices by adding the severities of shifts from base case conditions. 

Bacher et al. [80] presented a zero mismatch method which extends the application of 
localization ideas from contingency screening to full iterative simulation. The zero mis- 
match method is significantly different from the concentric relaxation approach. The main 
difference between the two methods is in the network representation. The zero mismatch 
method uses the complete network model while a small subsystem representation is used 
in latter one. The zero mismatch method is highly reliable and of acceptable accuracy. 

Linearized load flow has been used for contingency analysis in view of speeding up the 
solution. Peterson et al. [9] have introduced an iterative linear AC power flow solution for 
fast approximate outage study using inverse matrix modification lemma (IMML). Albuyeh 
et al. [28] have proposed to use one iteration of fast decoupled load flow to compute voltage 
and reactive power. 

Khu et al. [31] have reported fast non-iterative linearization method devised to evaluate 
the effects of single or multiple-circuit contingencies upon the system load bus voltages. 
The results of DC load flow techniques have been used to find linearized equation to 
compute the changes in load bus voltages due to the outage. The authors have also 
presented a method to calculate the reactive power change required to maintain scheduled 
voltage at generator buses. The method employs as many as eight assumptions and some 
of them are not practically justifiable. 

Jana et al. [130] have presented an improved linearized method to evaluate load bus 
voltage magnitudes following a line outage. However, this method also involves some 
unrealistic assumptions such as the lines are assumed to be purely inductive, load bus 
voltages are not controlled by tap changing transformers and power injection at buses are 
assumed to be constant. Also the P-V and Q-S decoupling assumption have been made 
which may not be valid, specially, in heavily stressed conditions of network [154]. 
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Leonidopoloulos [105] has retained P-V and Q-6 coupling in his linearized load flow 
model which has been used for voltage security analysis. However, this model uses an 
iterative procedure, which is time consuming. 

The use of distribution factors for analysis of the reactive power problem has been 
reported for the first time by M.Illic-Spong et al. [48]. They used S-E graph and its 
decoupled version Q-V graph to define the new distribution factors. Based on their 
work, Taylor et al. [102] presented an algorithm that can be used in analyzing reactive 
power contingencies. This approach utilized the widely used MW distribution factors in 
conjunction with another set of MVAR distribution factors to solve iteratively for the 
post-contingency bus voltage magnitude changes. Thus these algorithms also utilize an 
iterative scheme and do not really provide a set of distribution factors which can be used 
for direct calculation of post-outage states. 

Lee and Chen [113] have presented a method to calculate distribution factors, defined 
in terms of only pre-outage reactive power flows, for transmission line and transformer 
outage studies. The distribution factors were computed utilizing the fast decoupled load 
flow equations. Review of various contingency selection methods are reported in references 
[55,58,112,152], 

Schlueter et al. [122] suggested a multiple contingency selection method for transmis- 
sion reliability and transfer capability studies. The use of pattern recognition techniques 
has been reported in reference [93, 161] for contingency screening. The application of 
expert systems in contingency selection has been reported in references [61,62]. 

The security control is an energy management system (EMS) [12, 27, 103] function 
which optimally schedules the system controls, constrained by the network power flows 
and system operating limits. By definition, this scheduling function falls into the generic 
category of optimal power flow (OPF). The objective function used in OPF can be mini- 
mization of one or a combination of the following : 

(i) total cost of thermal generation; 

(ii) total system real power transmission loss; 

(iii) the sum of the reactive power injections; 

(iv) the deviation of the voltages from preselected values; 

(v) the emission of the thermal units; 
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(vi) the radiation of electromagnetic field; 

(vii) the control actions. 

The minimization of total cost of thermal generation is known as economic dispatch or 
real power dispatch. The objectives from (ii) to (iv) correspond to optimal reactive power 
dispatch and objective (v) corresponds to minimum emission dispatch. In some of the 
countries power engineers are also worrying about radiation level of electromagnetic field 
(objective-vi). 

A lot of literature exists on both economic and optimal reactive power dispatch. A 
comprehensive survey of OPF methods was first published by Happ [16]. Subsequently 
IEEE working group [22,23] presented a bibliographical survey of the works on economic 
loading and security till 1979. Thereafter, Carpentier [42] presented a comprehensive 
survey and classified the OPF algorithms based on their solution methodology along 
with the developments till 1985. Chowdhary et al. [97] made a detailed review of recent 
advances in economic dispatch while the Huneaults et al. [73] and Joshi et al. [137] made 
a survey of OPF literature. The literatures pertaining to security and reactive power and 
voltage control are available in an IEEE bibliography [54]. In view of the availability of 
large number of review papers on OPF and security optimization, only a representative 
survey of some of important works in the area of security constrained OPF is being 
provided. 

A number of methods have been proposed for security constrained rescheduling since 
1960 . Some of them considered only MW security [4,51, 78, 104, 123]. The reactive power 
security constraints in OPF have been reported in references [34,37,65,77,91,100,101,110]. 
This security constrained dispatch is usually implemented by adding additional con- 
straints, known as security constraints, to the original dispatch problem. These constraints 
impose additional limits on branch flows and bus voltages for the post-disturbance config- 
urations. In other words, the security constrained dispatch leads to the implementation 
of preventive control action in the system, and thus may result into a higher level of sys- 
tem security. However, the total number of contingency constraints imposed on security 
constrained optimal power flow (SCOPF) may be enormous. 

Monticelli et al. [51] suggested a security constrained optimal power flow with post- 
contingency corrective scheduling. Their solution algorithm is based on mathematical 
programming decomposition techniques that allow the iterative solution of a base-case 
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economic dispatch and a separate contingency analysis with generation rescheduling to 
eliminate constraint violations. The Benders cut is used for decomposition. 

Terra et al. [101] have presented a new method to solve the preventive security- 
constrained reactive power (Var) dispatch problem. A decomposition-coordination scheme 
is conceived in order to take advantage of tearing the network, the problem itself is de- 
composed into smaller subproblems. Techniques are presented for contingency simulation 
and for handling of these contingencies in the optimization process. The procedure has 
been given for the step-by-step solution and for on-line implementation. 

Contaxis et al. [35] have proposed a methodology for solving the optimal load flow 
problem. The problem is formulated as a non-linear constrained optimization problem 
recognizing system losses, operating limits on the generating units and line security limits. 
The optimization problem has been solved by iterative scheme. At each iteration the op- 
timal load flow problem is decomposed into a real subproblem and a reactive subproblem. 
The two subproblems are transformed into a quadratic programming problem by utilizing 
Z matrix and the generalized generation distribution factors. For reactive subproblem, 
the voltages of generators are determined by minimizing the loading of the slack generator 
or equivalently by minimizing the operating cost of the slack generator. 

Ajjarapu et al. [77] have demonstrated a systematic methodology to allocate reactive 
power output of devices in a power system. This was achieved through the application 
of an active set analysis based on linear programming technique. Linearized sensitivity 
relationships of the power system have been used to obtain an objective function for 
minimizing the cost of installation. Taking outages in order of severity, the reactive power 
was allocated to rectify jointly all the outage constraints with minimum adjustment to 
control variables. 

Most of the works available in the area of security constrained dispatch suffer from 
the problems associated with decomposition, linearization (discretization) and few others 
which are reported in literature [63,74,159]. The following conventional optimization 
methods have been used for the solution of OPF problems: 

• Classical coordination method 

• Linear programming method 


• Quadratic programming method 
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• Newton’s method 

• Sequential linear programming or quadratic programming method 

• Generalized reduced gradient method 

• Interior point method 

• Continuation method etc. 

All these optimization techniques have their own merits and demerits. A comparative 
survey of these methods have been presented in references [14,137]. 

Artificial intelligence (AI) technology, particularly expert systems, neural networks 
and fuzzy systems have also been applied [47,116,127,131,134,150] to the optimization 
problems. Genetic Algorithms are optimization methods based on the mechanics of nat- 
ural selection and genetics [69]. GAs have already been applied to some power system 
problems [106,119,133,136,138,146,149,153]. A text book [69] gives following features of 
GA; 

“GA is a blind search using stochastic operations, not deterministic rules. No 
information or knowledge concerning to objects are required. Operators are 
simple itself involving nothing more complex than random number genera- 
tion (mutation), string copying (reproduction) and partial string exchanging 
(crossover).” 

Bakirtzis et al. [149] have presented two GA solutions to the economic dispatch prob- 
lem. Both of them outperform the dynamic programming based solution. Kenji Iba [146] 
has suggested a new approach to optimal reactive power planning based on genetic al- 
gorithm. The GA based method utilized unique intentional operators. The first being 
the interbreeding which is a kind of crossover using decomposed subsystems. This idea is 
similar to agricultural plant-breeding, since it assembles a whole system using good parts 
with various features. The second is the gene-recombination or manipulation which uses 
Al-based stochastic If-then rules. 

Increased loading in most of the power systems, sometimes, lead their operation into a 
region where operating limits of one or more variables are violated and can not be brought 
within limit exercising the available controls. In this situation, optimal power dispatch 
may not remain feasible. 
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Very few works are available in literature for handling infeasibility of OPF or divergent 
power flow cases. To ensure feasible operation of the system under severe contingency 
cases, Monticelli et al. [51] have suggested the load curtailment and Burchett el al. [34] 
have proposed to use phantom generators at the selected buses in the network which 
normally remain idle. If a case is infeasible during optimization, the phantom generators 
are called upon to inject reactive power at a bus having the largest need. However, no 
criteria to select the critical buses for phantom generators has been suggested. 

Granville et al. [143] have used an auxiliary optimization problem of minimizing the 
fictitious reactive power injections placed at all the buses which helps the user to determine 
the candidate buses for reactive source installation. They called this preliminary step as 
Feasibility analysis. The method described in this work decomposes the original problem 
into an investment and operation subproblems. The two methods have been described for 
operation in base case and contingency configuration. The first one is based on sensitivity 
coefficients and the other is based on Benders decomposition. 

Overbye [151,162] has introduced an algorithm to quantify the unsolvability of power 
flow problems where power flow equations have no real solutions and to determine the 
controls to return to solvability which is derived from a measure presented in reference 
[125]. The algorithm uses the minimum Euclidean distance in parameter space to quantify 
the unsolvability of the case. The sensitivities of the measure to system controls have been 
used to determine the best control action to restore the case to solvability. 


1.3 Motivation 

From the literature survey it appears that most of the works on voltage contingency 
selection have been attempted by using either of the following methods 

• local solution method, 

• one iteration of AC load flow method, 

• linearized models and 

• distribution factors method. 


Amongst them the linearized load flow models and the distribution factor methods are 
more promising as they are non-iterative in nature and thus can provide faster solutions. 
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However, existing models of these methods, in general, provide results with large errors 
and many of them are based on decoupling and some unrealistic assumptions. 

In order to assess the relative severity of the contingencies, scalar performance indices 
have been used. Two typical problems with the performance indices are the masking and 
misranking effects. The lack of discrimination in which the performance index for a case 
with many small violations cart be comparable in value to the index for a case with one 
huge violation, is known as masking - effect . By most of the operational standards, the 
latter case is much more severe. 'Misranking of contingencies are mainly due to the inac- 
curacies in the model used for computing the performance indices or monitored quantities. 
Misranking is characterized by errors in the computed order of relative severities of var- 
ious contingencies. Masking effect to some extent, can be avoided by using higher order 
performance indices. However, to avoid the misranking, proper selection of weights for 
performance indices is required. 'One attempt to use optimal weights in the performance 
indices is by Halpin et al. [39] who have utilized a probability based model. 

After performing the security assessment, if the system is found to be in insecure 
state, security controls are exercised in order to bring the system into secure state. It 
can be achieved by corrective rescheduling or by running security constrained optimal 
power flow, provided the available controls in the system are capable of overcoming the 
system insecurity. Most of the* works on optimal power flow use the minimization of 
fuel cost of the fossil units and/or system transmission loss as objective. However, cost 
characteristics of generating units may not be available with certain utilities. This is 
specially true for some developing countries such as India. Hence, optimal power flow can 
not be formulated on the basis of cost criteria. Such utilities also need some guidelines to 
optimally adjust the real and reactive -power outputs of sources. One possible criteria to 
allocate the optimal settings of both the real and reactive power outputs of sources, is to 
use minimization of the system transmission loss as an objective to both real and reactive 
power subproblems of OPF. This will,*- in addition, help in enhancing the load delivery 
capacity of those utilities which are facing shortage of power. 

For solving optimal power flow, the conventional methods suggested in literature in- 
clude the classical coordination method, linear programming, quadratic and Newton’s 
methods etc. However, these methods-,' in general, require close initial guess of variables 
and suffer from the convergence difficulties and local optima. Genetic algorithm (GA) [69] 
is becoming popular due to its robustness in finding near optimal solution. GA works on 
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coding of parameters instead of their actual values and uses multiple path search along 
with probabilistic transition rules in parameter space. It has been applied to some of the 
power system problems and is yet to be tried for the solution of complete optimal power 
flow problem. 

Conventional security constrained optimal power flow considers the contingency con- 
straints to the optimal power flow problem which leads to the implementation of preven- 
tive control action. Though this formulation ensures a higher level of system security, it 
reduces the economic benefit of optimal operation. In order to maximize the economic 
benefit of optimal power flow, system operation in correctively secure state has been sug- 
gested [55]. Base case optimal power flow results are not modified for the contingency 
constraints. The corrective actions for each of the contingencies are planned, in advance, 
with the help of optimal power flows. However, sometimes, it may not be feasible to 
bring the system to normal state with available controls, specially following the severe 
contingencies. This leads to infeasibility of the optimal power flows. Very few works 
have been reported to handle infeasibility of optimal power flow or divergent power flow 
cases [34, 143, 151]. A corrective action planning to solve infeasibility of optimal power 
flow has been attempted in reference [34] by adding fictitious reactive power sources at 
problematic buses. However, detection of problematic buses has not been addressed. 

Therefore, the motivations behind the work carried out in this thesis are: 

(i) To develop more accurate models of linearized load flow suitable for predicting the 
bus voltages non-iteratively. The predicted bus voltages can be utilized for voltage 
contingency analysis. 

(ii) To explore new set of distribution factors to directly compute post-outage voltages 
and reactive power output of the sources following the outage of a transmission 
branch or a generator. 

(iii) To explore new higher order voltage and reactive power performance indices in order 
to eliminate the masking effects and a new method for selection of optimal weights 
of the performance indices in order to eliminate the misranking problem. 

(iv) To develop a new optimal power flow model, considering minimization of system real 
power transmission loss as an objective, to determine the optimal settings of both 
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the real and reactive power outputs of the sources and apply the genetic algorithm 
for its solution. 

(v) To suggest a method based on eigenvalue analysis for planning the location and 
size of the corrective controls in order to enhance the system voltage/reactive power 
security and' to eliminate the infeasibility of optimal power flow problem. 

1.4 Thesis Organization 

The present Chapter 1 introduces the power system security and optimal power flow 
problems, presents a brief state-of-art survey on the subject, specially on some aspects of 
voltage security analysis and controls, and sets the motivation behind the research work 
carried out in this thesis. 

In Chapter 2, six different models of new linearized load flows for voltage security 
analysis have been developed based on the principle of linearizing non-linear power flow 
equations ( in both polar and rectangular coordinates) around complete operating range. 
Five models have been developed using the integral square error minimization and one 
model based on the least square error minimization principles. 

Chapter 3 presents the developments of new set of distribution factors which have 
been computed using the sensitivity property of Newton-Raphson load flow Jacobian at 
a base operating point. Eight sets of distribution factors have been suggested which can 
be used to calculate the post-outage voltages and reactive power output of the sources 
following the outage of a transmission branch or a generator. 

Chapter 4 investigates use of higher order voltage and reactive power performance 
indices to remove masking effect. In order to avoid the misranking effect, a new procedure 
to compute the optimal weights of the performance indices has been suggested. 

Chapter 5 formulates the optimal power flow problem with a single objective of system 
transmission loss minimization in order to obtain optimal scheduling of both real and 
reactive power outputs of sources. The genetic algorithm has been used to solve the 
loss minimization problem and the results have been compared with those obtained by 
Flechter’s quadratic programming technique. 

Chapter 6 presents the development of a method for corrective action planning which 
has been used to determine the controls to enhance the voltage/reactive power security 
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and eliminating the infeasibility of the optimal power flow problem. The left eigenvector 
corresponding to the minimum eigenvalue of reduced power flow Jacobian has been utilized 
to compute the corrective controls. 

All the models suggested in Chapter 2 to 6 have been tested on IEEE 14-bus, IEEE 
30-bus and a practical 75-bus U.P. State Electricity Board systems. 

Chapter 7 highlights the main findings and significant contributions of the thesis and 
identifies scope for future research in this area. 



Chapter 2 


New Linearized Load Flow Models 
for Voltage Contingency Analysis 

2.1 Introduction 

Voltage security monitoring and analysis have assumed importance in the present day 
stressed operation of power system networks. In order to minimize the computational 
time required for the security analysis, contingency selection is performed. This requires 
the use of extremely fast and approximate (as compared to the exact AC load flow) models 
for predicting the voltage profile for each outage case. Amongst various models suggested 
in past, linearized load flow methods have been popularly used. 

Most of the existing works on linearized load flow use either iterative schemes [9,105] 
which require large CPU time or non-iterative schemes [31,130]. The existing models of 
non-iterative schemes have been derived using certain unrealistic assumptions such as the 
lines are assumed to be purely inductive and power injection at the buses are assumed to be 
constant [31,130]. In addition, they have utilized the P-V and Q-S decoupling assumptions 
which may not be valid, specially, in heavily stressed power system conditions [154]. In 
general, these methods have been found to provide quite inaccurate results. 

Hence, there exists a need to develop more accurate and fast methods for contingency 
analysis. In this Chapter, non-iterative linearized AC load flow models have been pro- 
posed based on the principles of least square error (LSE) and integral square error (ISE) 
minimization. 

Six different versions of linearized load flow models in polar as well as in rectangular 
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coordinates have been developed and tested on IEEE 14-bus system, IEEE 30-bus system 
and on a 75-bus Indian system for the base case and contingency cases. The accuracies of 
these new linearized load flow models have also been compared with the solution obtained 
from one iteration of the Newton-Rhapson load flow (NRLF) method. 

2.2 New Linearized Load Flow Models 

The power flow equations at a bus-j of an iV-bus system in polar coordinates are given 
as 


N 


Pj = Y, V > V AGi, cos 6 tJ - sin 6 %J ) 

1 = 1 

(2.1) 

Qj = £ V % V 3 (-G v sin S v - B tJ cos S tJ ) 

2=1 

(2.2) 

and in rectangular coordinates as follows 


Pj = EP„(V, + /./,) + - e,f,)\ 

2 = 1 

(2.3) 

Q, = B - ej.) - + fj,)] 

(2.4) 


t=l 


These algebraic power flow equations ((2.1) to (2.4)) are non-linear in nature. Several full 
AC load flow models [3,5,8,11,13,21,25,108] have been developed to solve these power 
flow equations based on numerical solution techniques and some of them [11,108] exploit 
certain specific properties of power system network such as P-V and Q -8 decoupling. For 
approximate solution of the load flow equations required in the security analysis, linear 
iterative models have also been suggested [9, 105]. In this Chapter, the non-iterative 
linearized load flow models have been developed using both least square error (LSE) and 
integral square error (ISE) minimization principles as described below. 

A non-linear function / of variables x , y and z can be expressed in linearized form as 
/ = Ax + By + Cz + D, where A, B, C and D are the constant coefficients. The error in 
the linearization can be defined as 

e = f(x, y , z) — Ax — By — Cz — D (2-5) 

This error function e can be minimized by using either an ISE or LSE minimization 
principle, resulting in two different models of linearized load flow which have been called 
linearized model-A and model-B, respectively. 
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2.2.1 Linearized Model-A 


This model minimizes the integral of the squared error, written as 


rx 2 ry 2 rz 2 0 

e= / / / (f(x,y,z) — Ax — By — Cz — D)dzdydx 

Jx\ Jyi Jzi 


(2 6 ) 


At minima of e, the partial derivatives dejdA , de/dB , de/dC and de/dD will be zero. 
This results into four linear equations whose solution provides the values of unknowns A, 
I?, C and D. Once the A, B, C and D coefficients are known, the non-linear function 
f(x,y,z ) can be replaced by the linearized relationship. 

Depending on the approximations in the linearization of the non-linear load flow equa- 
tions, it is possible to derive various models. Five different versions of the linearized load 
flows based on ISE minimization have been explored and are presented below. Three 
of them (versions Ai, A2 and A3) are in polar coordinates and two are in rectangular 
coordinates (versions A 4 and A 5 ). 


2. 2. 1.1 Linearized Version Ai 

In this version, the trigonometric functions in load flow equations (2.1) and (2.2) are 
linearized as 

cos 8 tJ = A8 1:J + B (2.7) 

sin 8 X j = C8 l3 T D (2.8) 

In equations (2.7) and (2.8), the coefficients A, B, C and D can be obtained by minimizing 
ISEs, as defined below 

Cl = [ S ' : [cos 8 tJ - A8 V - B] 2 d8 v (2.9) 

Js l 

e 2 = j** [sin 6 tJ - C8 tJ - D) 2 d8 v (2.10) 

^<3 

where £* and 8? are the minimum and maximum operating values of the relative angle 
8 XJ . The values of A, B , C and D were obtained by minimizing the errors ej and e 2 in the 
range of 8] 3 to 8^ as given below. 

(i) for 8 V varying between 0° to 10° , we get 
A = 0.0870934 B = 1.0025311 

C = 0.9954362 D = 0.0001770 
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(ii) for 6 tJ varying between 0° to 20° , we get 
A = 0.1731205 B = 1.0100307 

C = 0.9818125 D = 0.0014092 

If voltages are assumed close to unity, one can express 

V = l+AV (2.11) 

The load flow equations (2.1) and (2.2) can be written in following form using the lin- 
earizations given in equations (2. 9), (2. 10) and (2.11). 

p, = £ [{1 + AV,)(1 + A V,){G v (AC v + B)~ B„(CS„ + D)}] (2.12) 

t = l 

Q, = E [(1 + AK)(1 + A V 3 ){-G tj (CS t3 +D)- B tJ (A6 tJ + B )}] (2.13) 

t=l 

SimpHfying the above equations after ignoring AV,AVj, S v AV, S tJ AViAVj terms, we 
get the following equations for the linearized version Ai- 

P, = E + £«(AV, + AV)) + L v ] (2.14) 

Q, = E [M„s„ + N„( AK + AV,) + N „ ] (2.15) 

»=1 


where 

K tJ = AG V - CB V 
L tJ = - DB tJ 

M tJ = -CG t} - AB tJ 

N t j = — DGi 3 — BB t j 


The equations (2.14) and (2.15) form the set of linearized equations of the following form 


P' 

Q' 



(2.16) 


If N g is the total number of P-V buses in an iV-bus power system and bus-1 is slack bus, 
the equation (2.16) can be expressed in expanded form as 
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P f 

r 2 

P ' 
r 3 


A$2 

A6 3 


Pk 

Qn^+i 


j 1 J 2 
J 3 J 4 


ASjsf 

AV ^, +1 






The elements of matrices J 1 , J 2 , J 3 and J 4 will be as follows: 


(2.17) 


Jlt- 

--K u 



i = 2,3,... TV 





J i = 

= K V 



i = 2, . . . ,N and j = 2, . 

■ • , N& 0 


Jl- 

- Lit 


,4-1 Ltj 

Z — jVg + 1 , • • . 

.,JV 




Ji- 

-~Li 3 



i = 2, . . . , N and j = N q 

+ • 

-,N& 

*) 

j* = 

= M U 

X'N 

2^j=l 

M tJ 

i = N q + 1, . . . 

.,N 




j 3 - 

- M t j 


i = Nq + 1 , . . . 

. , N and j 

= 2,. 


*) 

J 4 - 

= N n 

+ eJLi 

N v 

i = Nq + 1 , . . . 

.,N 




ii 

= N tJ 



i = Nq + 1 , . - 

. , N and j 

= N g 

+ 1, . . . , 

N&i) 


and 


N 


p: = p,-Y.l„ 
^=1 

cn" 

II 

• <s> 

(2.18) 

N 

Q;=Q,-EKj 

i — N q + 1 , . . . , N 

(2.19) 


J=1 


The solution of equation (2.17) directly provides the change in voltage magnitude and 
angle values. This requires one inversion of matrix [A£\. 
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2. 2. 1.2 Linearized Version A 2 

In this version, the terms V t V 3 cos 6 tJ and V t V 3 sin S t3 of equations (2.1) and (2.2) are 
linearized as 


V t V 3 cos S tJ = A 3 V X + B 3 V 3 + C 3 6*j + Drs (2.20) 

V t V 3 sin S t3 “ A 4 V t + B 4 V 3 + C 4 S tJ + D 4 (2.21 ) 

The coefficients A3, B 3 , C 3 . D 3 , A*, B 4 , C 4 and D 4 are calculated by minimizing integral 

square errors e 3 and t 4 over the voltage V in the range V 1 to V 2 and angles S, 3 in the 

range to S 2 . 

e 3 = f 6 ' 3 j V ’ f V ' (V t V 3 cos S t j - A 3 K- - B 3 V 3 - C 3 8 i3 - D 3 f dV t dV 3 dS tJ (2.22) 

*3 v 3 v t 

e 4 = jf \ V [ J V f (V t V 3 sin S X3 - A 4 V, - B 4 V 3 - C 4 S tJ - D 4 fdV t dV 3 d8 i3 (2.23) 
Y 

After computing the coefficients, a set of linear equations for P 3 and Q 3 in terms of 
variables V t , V 3 and 8 tJ are obtained as follows. 

P, =h.R>,K + S i ,(V. + V,) + T„] (2.24) 

t=l 

Q, = E [U.A, + V. i(V. + V,) + wy (2.25) 

1=1 

where 

R, .J — C 3 G t3 — C 4 Bi 3 

S %3 = A 3 G tJ — A 4 B t3 = B 3 G i3 — B 4 B XJ 

T tJ = D 3 G %3 — D 4 B %3 

U t3 = -C 3 B t3 - C 4 G i3 

V t] = —A 3 B t3 — A 4 Gi 3 = — j B 3 B l3 — B 4 G t3 

w t3 = - D 3 B t3 - D 4 G t3 

The equations (2.24) and (2.25) form the model of linearized version A 2 and can be written 
in compact form as 

(2.26) 

The elements of matrix [Am] can be defined on the similar lines as for matrix [AjJ\ in 
section 2.2.1. 1. Its dimension is same as that of [Al]. 
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2 . 2 . 1.3 Linearized Version A 3 

In version A 1? the product terms AV t AV 3 , S tJ AV, 8 t3 AV t AV 3 have been ignored, assum- 
ing that they are small. However, to improve the accuracy of the equations (2.12) and 


(2.13), these terms can be retained in linearized form as 

6 tJ AV t S aX + PiAV t + 71 (2-27) 

S t3 AV t AV 3 = a 2 6 t3 + &( + AV 3 ) + 72 (2.28) 

AV t AV 3 * P 3 (AV X + AV 3 ) + 73 (2.29) 

Using equations (2.27) to (2.29), the equations (2.12) and (2.13) can be rewritten as 

p, = B«,A + S.A&V, + AV,) + T„] (2.30) 

1 = 1 

Q, = T,P» S » + K,(AV. + Ay,) + wy (2.31) 

t=l 


where 

R t3 ~ (1 + 2oci a 2 )(AG t3 — CBi 3 ) 

= (A + 0 2 )(AG t3 - CB X3 ) + (1 + &)(£<?,, - M v ) 

T tJ = (2 7l + 72 )(AG lJ - CB l3 ) + (1 + 73 )(BG t] - DB t3 ) 

U tJ = (1 + 2 a?! + 0 : 2 ) (— CG l3 — AB tJ ) 

v t3 = (A + 0 3 )(-CG v - AB %3 ) + (1 + A ){-DG v - BB t3 ) 

w v = (2 7l + 72 )(-CG v - AB tJ ) + (1 + 73 )(-DG t3 - BB tJ ) 


The equations (2.30) and (2.31), forming model of linearized version A3, can be written 
in compact form as 


P' 

Q' 



(2.32) 


The elements of matrix [A/v] is calculated in similar way as those of [A/,] described in 
section 2. 2. 1.1 using the values of R t3 , S t3 , T 1J} U { 3 , V t3 and Wi 3 in place of K { 3 , L tJ , M tJ and 
N v . The solution of above equation (2.32) gives the new voltage and angle values. 
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2. 2. 1.4 Linearized Version A 4 

This version deals with the linearization of power flow equations (P : and Q 3 ) in rectangular 
coordinates (equations (2.3) and (2.4)). The product of e (real part of voltage) and / 
(imaginary part of voltage) can easily be linearized as 


e i e j — A$e t -j- B$ej + 67s 

(2.33) 

/t/j — Aef t + Bef., + C$ 

(2.34) 

e ifj — A 7 e x + B 7 f 3 + C 7 

(2.35) 


The coefficients of e and / in equations (2.33) to (2.35) can be calculated using integral 
square error minimization. If one assumes the voltage magnitudes to vary from 0.90 to 
1.10 pu and angles from -20° to 0°, then one can assume the variation of e to be between 
0.846 to 1.10 and / to be between -0.376 to 0. The equations (2.33) to (2.35) can be 
expressed in following form describing the of linearized version A 4 . 

N 

P] — e t + L X3 e 3 + M^/ t T N v f 3 + 0 X3 ] (2.36) 

1=1 

P, = BJ!,/, 4- S„e, + T„f, + U„f, + V v ] (2.37) 

t=l 

where 

Kij = A? J G 1J T Aj B x j 
L t; , — B 5 G XJ — A~ j 
M tJ = AfjG tJ — B 7 B X3 

fVjj = BqG %:) + BjB tJ 
O x: = (^5 + Ce)G XJ 
R , ij .4 7 Lx x j B XJ 

S t: = —A 7 G X0 — B^Btj 
T t: = -B 7 G X1 - A 6 B XJ 
t/,j = B 7 G XJ — B&Bij 
V X3 = ~(C 5 + Ce)B XJ 

The equations (2.36) and (2.37) can be written in compact form as follows 
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P' 

Q' 


[V] 


e 

/ 


(2.38) 


[. Ao ], having dimension (2N-N g -l) x (2V-2), is not a square matrix. However, it can be 
made square by adding the following relationship for P-V buses. 


Vk=4 + fk fc = 2, . . . , JV, 


(2.39) 


where Vk is specified voltage magnitude of k th P-V bus. This equation (2.39) can also be 
linearized using ISE method as 

e k — D?> e k + E h (2.40) 

Sl = D e f t + E e (2.41) 

Using equations (2.40) and (2.41), the equation (2.39) can be expressed as follows 

v; - (Ee + Ee) = \Vt\' = Dset + Deft (2.42) 

The equation (2.38) can be modified as 

(2.43) 

The above matrix [Ao] is a square matrix of dimension (2N-2) x (2N-2). A single matrix 
inversion of [Ao] gives the solution of voltages. 

2. 2. 1.5 Linearized Version A 5 

The real part of voltage (e) is normally close to unity and hence, one can express it as 
e = 1 + Ae (2.44) 

Using equation (2.44), the equations (2.3) and (2.4) can be rewritten as 

Pj — y~)f(?t,(l + Ae, + Ae, + Ae,Ae, + fifj) + Bijifj + Ae,/) — Ae,/, — /,)] (2.45) 

t=i 


P' 


r i 

Q' 

= [Ao] 

e 

./. 

. I^ 2 !' . 



N 


Qo = TPM + Ae,/, - Ae,/, - /,-) - B tj { 1 + Ae, + Ae,- + Ae,Ae, + /,/,)] (2.46) 
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The product terms Ae,A e 3 , fif 3 and A e t f 3 or A e 3 f has been linearized using ISE method 


and expressed as 

Ae.Ae, “ A 8 Ac, + B s Ae 3 + C 8 (2.47) 

ffj = A 9 f t + B 9 f 3 + C 9 (2.48) 

Aej f 3 = j4ioAe, + Btofj + Cio (2.49) 

The equations (2.45) and (2.46) can be further simplified using equations (2.47) to (2.49) 
and written as 

N 

Pj — + L l3 Ae 3 + M, 3 /, + N l3 f 3 + 0 t3 ] (2.50) 

t=i 

N 

Qi — ]0#yAe, + S t 3 Ae 3 + TV,/, 4- U v f 3 + V t3 ] (2.51) 


where 

Kij — (1 + A 8 )G X3 + A\qB 13 

'Ltj = (1 + B 8 )G t3 — AioBtj 
M ZJ = A 9 G, 3 — (1 + Bio)B tJ 
N l3 = B 9 G V + (1 4 - B\f)B t3 
0 X3 = (1 T C 8 + C 9 )G t3 
Rij = —(1 4 - A 8 )B tJ 4 - A\ 9 G t3 
S t3 = -(l + B s )B t3 - A 10 G V 
T %J = —A 9 B t3 — (1 + B\q)Gx 3 
Uv = —B 9 B t3 4 - (1 4 - Bio)G l3 
v %} = -(1 + C s + C 9 )B X3 

The equation (2.39) can be written as follows 

V fc 2 = (l + 2Ae fc + A el) + f k k = 2 ,...,N q 
The terms Ae\ and f k in the above equation can be linearized as 
A e\ = D-jAtk + E 7 

fl a D 8 f k + E 8 


(2.52) 

(2.53) 


(2.54) 
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Equation (2.52) can be written as 

IW = ^ — (1 + E? + Eg) = (2 + Dr)Nek + Dgfk (2.55) 

Equations (2.50), (2.51) and (2.55) form the model of version A 5 and can be written in 
following compact form 

P' 

Q' 

. in 2 r 

The matrix [Ap] is a square matrix of dimension (2N-2) x (2N-2) and one inversion of 
this matrix is required to determine the values of Ae and /. 

2.2.2 Linearized Model-B 

This model is based on minimization of the squared error (e 2 ). The bus power S t (either 
Pi or Q t ) at bus- z can be expressed as 

S t =f(V,6) (2.57) 

In linearized form, it can be written as 
N N 

S t ^K,+Yl F *A + E (2-58) 

J=1 J=1 

with K t , F tJ and M tJ being the coefficients. If there were no errors in this approximation, 
one could have obtained unknowns K t , F t: , M l} by directly equating equation (2.58) at 
known operating points. However, this approximation is bound to have some error due 
to the non-linear nature of the function. 

The least square error method can be used to compute these coefficients requiring a 
more number of equations than the number of unknowns. For every power equation (P 
or Q) the unknowns are 2N+1. To compute the required coefficients, m(m > 2 N + 1) 
linear equations are required to be generated, which can be written as 


[Ap] 


Ae 

f 


(2.56) 
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or in compact form, it can be expressed as 


b = Ar 


(2.59) 


(2.60) 


where b is the bus power vector and vector r contains coefficients K t , F tJ and M tJ (variables 
to be determined in equation (2.59)) and A is the coefficient matrix of equation (2.59) 
containing unity, voltage angle and magnitude terms. 

The above m equations for each bus power expression can be generated by considering 
different operating conditions, where . • - At Vj, . . . , V)y] in equation (2.59) represent 
the bus voltage angles and magnitudes for the i th operating condition. 

The error vector can be defined as 


e = Ar — b 


(2.61) 


Minimizing the norm of this error (Ar — b), equivalent to minimizing ||Ar — b||, means 
minimizing the sum of the squared errors, 


e i T + • • • + 


(2.62) 


where is the square of the distance or error (e t ). The least square solution [85] for the 
vector r is given by 
i-i 


r = 


A t A 


A b 


(2.63) 


Once the constants are determined, it is necessary to compute the bus voltage magnitudes 
and angles for the given injections as 


6 

V 


is - K] = IB] 


(2.64) 
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or 


* (2.65) 

The matrix [J5] in equation (2.64) is the constant coefficient matrix defined as 


[B} = 


F\ i 

Fin 

M u 

Min 

F2N, 1 

■ ■ ■ F 2 n,n 


■ ■ ■ M 2 n,n 


( 2 . 66 ) 


2.3 Numerical Results and Discussions 


To establish the effectiveness of the proposed models of linearized load flow, the studies 
were conducted on IEEE 14-bus, IEEE 30-bus and a practical 75-bus systems as described 
in Appendices-B, C and D respectively. The range of for linearization has been taken 
to be 0° to 10° for the IEEE 14-bus and the 30-bus systems while it has been taken as 
-5° to 37° for the 75-bus UPSEB system. A different range of 6^ for UPSEB system (-5° 
to 37°) was selected based on the results obtained for the base case studies. It was found 
that using the above range for linearization yields minimum error. 

The voltage range for linearization in all the three systems was considered to be from 
0.85 to 1.10 pu. The ranges of e and / for linearization has been considered in all the 
three systems accordingly and computed using equations 


e 


min 


f \ 7 rain ___ cm in t /min cmax i 

= min\ V cos o , V cos o j 


g max 


f 


mtn 


f 


max 



= V mtn sin <r m 
= V max sin S max 


(2.67) 

( 2 . 68 ) 

(2.69) 

(2.70) 


All five versions of model-A have been tried out for the IEEE 14-bus and IEEE 30-bus 
systems, and 75-bus Indian system to obtain voltages at the load buses for both the base 
case and for different outages. The investigation have been carried out on HP-9000/850 
computers for the base case as well as contingency cases in all the three systems. The root 
mean square (RMS) errors in pu and maximum percentage errors have been calculated 
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Table 2.1: Comparison of load flow results for base case 



Systems 

Version 

Ai 

Version 

A2 

Version 

A3 

Version 

a 4 

Version 

A5 

1 Iter. 
NRLF 

RMS 

Error 

V(p.u.) 

14-bus 

0.0019 

0.0022 

0.0016 

0.0060 

0.0060 

0.0050 

' 30-bus 

0.0021 

0.0022 

0.0022 

0.0091 

0.0091 

0.0070 

75-bus 

0.0142 

0.0143 

0.0138 

0.0980 

0.0980 

0.063 

Maximum 

Error 

V(%) 

14-bus 

0.43 

0.52 

0.34 

1.15 

1.15 

0.69 

30-bus 

0.52 

0.62 

0.53 

1.5291 

1.52 

1.32 

75-bus 

3.50 

3.51 

3.45 

19.05 

19.05 

10.75 

CPU 

Time 

(secs.) 

14-bus 

0.12 

0.13 

0.12 

0.13 

0.14 

0.12 

30-bus 

0.31 

0.48 

0.31 

0.48 

0.49 

0.4370 

75-bus 

1.90 

1.92 

1.92 

2.46 

2.50 

1.89 


with respect to the results obtained from the unadjusted (without Q -limits check) full 
AC load flow. 

Table 2.1 gives a summary of errors in voltages and CPU time required by all the five 
versions of linearized model-A for IEEE 14-bus, IEEE 30-bus and 75-bus Indian systems 
for the base case. The CPU time excludes the time required for calculation of constants. 
The bus voltage magnitudes of IEEE 14-bus system has been given in Table 2.2 for the 
base case. The base case results of IEEE 30-bus and 75-bus UPSEB systems have been 
presented in Tables 2.3 and 2.4, respectively. The bus voltage magnitudes obtained by 
1st iteration of NRLF (polar coordinate) have also been given in these tables for all the 
three systems for the sake of comparison. 

The following observations can be made from the results presented in Table 2.1. 

(i) Of the proposed five linearized versions, version A 3 predicts the bus voltages more 
accurately. However, the performance of versions Ai, A2 and A3 are comparable. 

(ii) The proposed versions Ai, A2 and A 3 outperform the results of first iteration of 
NRLF for all the three systems. 

(iii) R.M.S. error in voltage is quite small for all the versions. The error in version A 4 
and version Ag for all the three systems is almost same and the errors produced by 
these versions are relatively much higher than versions Aj to A 3 . 

(iv) CPU time taken by the proposed Ai, A2 and A 3 versions are comparable with the 
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Table 2.2: 14-bus system- Bus voltage magnitudes at base case 


Bus 

No 

Full 

NRLF 

Version 

Ai 

Version 

A2 

Version 

A 3 

Version 

a 4 

Version 

A5 

Model 

B 

1 Iter. 
NRLF 

1 

1.060 

1.059 

1.060 

1.060 

1.060 

1.060 

1.060 

1.060 

2 

1.045 

1.045 

1.045 

1.045 

1.058 

1.059 

1.045 

1.045 

3 

1.070 

1.069 

1.070 

1.070 

1.071 

1.073 

1.070 

1.070 

4 

1.010 

1.009 

1.010 

i.010 

1.011 

1.011 

1.010 

1.010 

5 

1.090 

1.089 

1.090 

1.090 

1.092 

1.094 

1.090 

1.090 

6 

1.064 

1.063 

1.062 

1.063 

1.067 

1.068 

1.065 

1.071 

7 

1.057 

1.053 

1.052 

1.052 

1.060 

1.061 

1.059 

1.064 

8 

1.030 

1.031 

1.031 

1.032 

1.034 

1.034 

1.025 

1.036 

9 

1.025 

1.025 

1.025 

1.026 

1.029 

1.029 

1.021 

1.031 

10 

1.051 

1.048 

1.046 

1.047 

1.054 

1.055 

1.056 

1.057 

11 

1.057 

1.054 

1.054 

1.055 

1.059 

1.060 

1.065 

1.062 

12 

1.055 

1.053 

^ 1.053 

1.054 

1.056 

1.057 

1.054 

1.059 

13 

1.050 

1.047 

1.047 

1.048 

1.051 

1.052 

1.050 

1.054 

14 

1.036 

1.030 

1.029 

1.031 

1.038 

1.038 

1.038 

1.041 


first iteration of NRLF methods. However, versions A 4 and As take comparatively 
more CPU time. 

In order to establish the potential of linearized load flow to solve the contingency cases, 
outages were considered in 14-bus, 30-bus and 75-bus systems. The contingencies consid- 
ered include single line/transformer outage and single generator outage. However, results 
for outage of only line (1-2) of IEEE 14-bus as well as of IEEE 30-bus systems and line 
(41-42) outage of 75-bus UPSEB system have been presented in Tables 2.5, 2.6, 2.7, re- 
spectively. These lines were carrying maximum power in the base case. From Tables 2.5 
to 2.7, it is observed that maximum voltage errors in the case of these severe contingency 
cases are the minimum with version A 3 which are 2.57%, 4.97% and 4.89% for IEEE 
14-bus, IEEE 30-bus and 75-bus UPSEB systems, respectively. 

The model- B was tested on only IEEE 14-bus system for the base case and contingency 
cases. For the LSE minimization, the number of equations must be higher than unknown 
quantities. The number of coefficients to be computed for this system were 506 (=22 
x 23) with the assumption that voltage at P-V buses (5 in numbers) are fixed to their 
specified values. If bus-1 is the slack bus, equation (2.58) can be written as 
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Table 2.3: 30-bus system- Bus voltage magnitudes at base case 


Bus 

No. 

Full 

NRLF 

Version 

Ai 

Version 

a 2 

Version 

A3 

Version 

A4 

Version 

A s 

1 Iter. 
NRLF 

1 

1.060 

1.059 

1.059 

1.059 

1.060 

1.060 

1.060 

2 

1.045 

1.044 

1.044 

1.044 

1.058 

1.058 

1.045 

3 

1.010 

1.009 

1.009 

1.009 

1.013 

1.013 

1.010 

4 

1.082 

1.081 

1.081 

1.081 

1.088 

1.088 

1.082 

5 

1.010 

1.009 

1.009 

1.009 

1.010 

1.010 

1.010 

6 

1.071 

1.070 

1.070 

1.070 

1.073 

1.073 

1.071 

7 

1.040 

1.042 

1.042 

1.042 

1.047 

1.047 

1.043 

8 

1.024 

1.025 

1.025 

1.025 

1.032 

1.032 

1.022 

9 

1.046 

1.046 

1.046 

1.047 

1.052 

1.052 

1.040 

10 

1.079 

1.085 

1.086 

1.085 

1.095 

1.095 

1.066 

11 

1.015 

1.018 

1.018 

1.018 

1.020 

1.020 

1.025 

12 

1.002 

1.003 

1.003 

1.003 

1.005 

1.005 

1.007 

13 

1.010 

1.012 

1.012 

1.013 

1.016 

1.016 

1.017 

14 

1.031 

1.030 

1.030 

1.031 

1.038 

1.038 

1.025 

15 

1.027 

1.026 

1.026 

1.027 

1.034 

1.034 

1.021 

16 

1.029 

1.029 

1.029 

1.030 

1.036 

1.036 

1.025 

17 

1.020 

1.020 

1.020 

1.021 

1.028 

1.028 

1.017 

18 

1.013 

1.012 

1.012 

1.013 

1.022 

1.022 

1.009 

19 

1.009 

1.007 

1.007 

1.008 

1.017 

1.017 

1.005 

20 

1.012 

1.011 

1.011 

1.012 

1.020 

1.020 

1.009 

21 

1.015 

1.015 

1.015 

1.01b 

1.024 

1.024 

1.012 

22 

1.017 

1.017 

1.017 

1.017 

1.026 

1.026 

1.014 

23 

1.020 

1.020 

1.020 

1.021 

1.029 

1.029 

1.015 

24 

1.021 

1.021 

1.021 

1.021 

1.031 

1.031 

1.015 

25 

1.052 

1.055 

1.055 

1.055 

1.066 

1.066 

1.041 

26 

1.035 

1.037 

1.037 

1.037 

1.048 

1.048 

1.024 

27 

1.023 

1.027 

1.028 

1.028 

1.028 

1.028 

1.034 

28 

1.012 

1.014 

1.014 

1.014 

1.018 

1.018 

1.019 

29 

1.060 

1.064 

1.064 

1.064 

1.077 

1.077 

1.047 

30 

1.050 

1.052 

1.052 

1.052 

1.067 

1.067 

1.036 
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Table 2.4: 75- bus system- Bus voltage magnitudes at base case 


Bus 

No. 

Full 

NRLF 

Version 

A x 

Version 

a 2 

Version 

A3 

Version 

a 4 

Version 

A5 

1 Iter. 
NRLF 

1 

1.030 

1.029 

1.029 

1.029 

1.030 

1.030 

1.030 

2 

1.050 

1.049 

1.049 

1.049 

1.066 

1.064 

1.050 

3 

1.030 

1.029 

1.029 

1.029 

1.033 

1.032 

1.030 

4 

1.050 

1.049 

1.049 

1.049 

1.102 

1.099 

1.050 

5 

1.050 

1.049 

1.049 

1.049 

1.078 

1.076 

1.050 

6 

1.050 

1.049 

1.049 

1.049 

1.071 

1.069 

1.050 

7 

1.050 

1.049 

1.049 

1.049 

1.088 

1.086 

1.050 

8 

1.050 

1.049 

1.049 

1.049 

1.092 

1.089 

1.050 

9 

1.050 

1.049 

1.049 

1.049 

1.090 

1.087 

1.050 

10 

1.020 

1.019 

1.019 

1.019 

1.027 

1.027 

1.020 

11 

1.020 

1.019 

1.019 

1.019 

1.021 

1.021 

1.020 

12 

1.050 

1.049 

1.049 

1.049 

1.145 

1.140 

1.050 

13 

1.050 

1.049 

1.049 

1.049 

1.139 

1.135 

1.050 

14 

1.030 

1.029 

1.029 

1.029 

1.089 

1.086 

1.030 

15 

1.010 

1.009 

1.009 

1.009 

1.012 

1.012 

1.010 

16 

1.024 

1.035 

1.035 

1.035 

1.056 

1.055 

1.059 

17 

1.025 

1.041 

1.041 

1.041 

1.058 

1.057 

1.061 

18 

1.013 

1.014 

1.014 

1.015 

1.059 

1.058 

1.056 

19 

1.000 

1.022 

1.022 

1.023 

1.059 

1.059 

1.069 

20 

.992 

.995 

.995 

.996 

1.039 

1.039 

1.043 

21 

1.012 

1.005 

1.006 

1.006 

1.173 

1.168 

1.100 

22 

1.023 

1.047 

1.047 

1.047 

1.168 

1.163 

1.132 

23 

1.014 

1.049 

1.049 

1.049 

1.106 

1.105 

1.112 

24 

1.004 

1.013 

1.013 

1.013 

1.084 

1.082 

1.076 

25 

1.011 

1.012 

r 1.012 

1.013 

1.175 

1.170 

| 

1.109 

26 

.994 

1.027 

1.027 

1.028 

1.085 

1.083 

1.089 

27 

.993 

1.000 

1.000 

1.001 

1.083 

1.081 

1.075 

28 

1.018 

1.006 

1.006 

1.007 

1.136 

1.132 

1.069 

29 

1.027 

1.056 

1.056 

1.056 

1.166 

1.162 

1.133 

30 

1.015 

1.011 

1.011 

1.012 

1.171 

1.166 

1.102 

31 

1.039 

1.032 

1.032 

1.032 

1.121 

1.118 

1.077 

32 

1.038 

1.030 

1.030 

1.031 

1.123 

1.119 

1.077 

33 

1.040 

1.038 

1.038 

1.038 

1.145 

1.141 

1.095 

34 

1.016 

1.004 

1.004 

1.005 

1.091 

1.088 

1.040 

35 

1.029 

1.044 

1.043 

1.043 

1.064 

1.063 

1.062 

36 

.999 

1.015 

1.015 

1.016 

1.050 

1.050 

1.061 

37 

.979 

.983 

.983 

.984 

1.029 

1.029 

• 1.040 


Contd. . . . 
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Table 2.4 (Contd.) . . . 


Bus 

No. 

Full 

NRLF 

Version 

Ai 

Version 

a 2 

Version 

A3 

Version 

a 4 

Version 

As 

1 Iter. 
NRLF 

38 

1.037 

1.057 

1.058 

1.057 

1.178 

1.173 

1.139 

39 

1.030 

1.027 

1.027 

1.028 

1.157 

1.152 

1.100 

40 

.996 

.993 

.993 

.994 

1.022 

1.022 

1.022 

41 

1.040 

1.052 

1.052 

1.052 

1.125 

1.122 

1.074 

42 

1.040 

1.046 

1.046 

1.046 

1.119 

1.116 

1.072 

43 

1.021 

1.013 

1.013 

1.013 

1.138 

1.133 

1.071 

44 

1.018 

1.014 

1.014 

1.014 

1.073 

1.071 

1.061 

45 

1.034 

1.027 

1.027 

1.027 

1.116 

1.113 

1.101 

46 

.982 

.983 

.983 

.984 

1.019 

1.019 

1.028 

47 

1.005 

1.008 

1.008 

1.008 

1.066 

1.065 

1.063 

48 

.979 

.969 

.969 

.970 

1.008 

1.009 

1.006 

49 

.968 

.956 

.956 

.958 

1.000 

1.000 

.996 

50 

.990 

.993 

.993 

.995 

1.042 

1.041 

1.048 

51 

.981 

.966 

.966 

.968 

1.119 

1.116 

1.082 

52 

.981 

.947 

.947 

.949 

1.148 

1.144 

1.087 

53 

1.012 

.998 

.998 

.999 

1.174 

1.168 

1.094 

54 

1.003 

.990 

.990 

.991 

1.112 

1.109 

1.063 

55 

.981 

.955 

.955 

.957 

1.086 

1.083 

1.039 

56 

1.015 

1.004 

1.004 

1.005 

1.148 

1.144 

1.077 

57 

1.001 

.981 

.981 

.982 

1.171 

1.165 

1.079 

58 

1.002 

.981 

.981 

.982 

1.163 

1.158 

1.072 

. 

59 

1.003 

.981 

.982 

.983 

1.171 

1.165 

1.080 

60 

.996 

.982 

.982 

.983 

1.187 

1.181 

1.097 

61 

1.013 

.996 

.996 

.997 

1.169 

1.164 

1.089 

62 

1.023 

1.007 

1.007 

1.008 

1.142 

1.138 

1.077 

63 

.988 

.965 

.965 

.966 

1.099 

1.096 

1.048 

64 

.974 

.965 

.965 

.966 

1.029 

1.028 

1.028 

65 

1.012 

1.004 

1.005 

1.005 

1.173 

1.168 

1.099 

66 

.981 

.979 

.979 

.980 

1.030 

1.030 

1.033 

67 

1.003 

1.010 

1.010 

1.010 

1.081 

1.079 

1.074 

68 

1.003 

1.005 

1.005 

1.005 

1.060 

1.059 

1.055 

69 

.953 

.951 

.951 

.953 

1.006 

1.007 

1.016 

70 

.995 

.978 

.978 

.979 

1.191 

1.185 

1.097 

71 

.992 

.994 

.995 

.995 

1.076 

1.075 

1.067 

72 

.997 

.982 

.982 

.984 

1.188 

1.182 

1.099 

73 

1.033 

1.023 

1.023 

1.023 

1.127 

1.125 

1.110 

74 

1.015 

1.050 

1.050 

1.049 

1.107 

1.105 

1.113 

75 

1.029 

1.065 

1.065 

1.064 

1.163 

1.159 

1.136 
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Table 2.5: 14-bus system- Bus voltage magnitudes for line (1-2) outage 


Bus 

No 

Full 

NRLF 

Version 

Ax 

Version 

a 2 

Version 

a 3 

Version 

a 4 

Version 

a 5 

Model 

B 

1 Iter. 
NRLF 

1 

1.060 

1.059 

1.059 

1.060 

1.060 

1.060 

1.060 

1.060 

2 

1.045 

1.044 

1.044 

1.045 

1.079 

1.079 

1.045 

1.045 

3 

1.070 

1.069 

1.069 

1.070 

1.109 

1.109 

1.070 

1.070 

4 

1.010 

1.009 

1.009 

1.010 

1.069 

1.069 

1.010 

1.010 

5 

1.090 

1.089 

1.089 

1.090 

• 1.136 

1.136 

1.090 

1.090 

6 

1.058 

1.063 

1.063 

1.063 

1.112 

1.112 

1.117 

1.072 

7 

1.050 

1.053 

1.053 

1.052 

1.111 

1.111 

- .. .. 

1.130 

1.063 

8 

1.010 

1.036 

1.036 

1.031 

1.053 

1.053 

1.030 

1.041 

9 

1.013 

1.028 

1.028 

1.025 

1.062 

1.062" 

1.027 

1.034 

10 

1.045 

1.047 

1.047 

1.046 

1.104 

1.104 

1.151 

1.057 

11 

1.053 

1.054 

1.054 

1.054 

1.104 

1.104 

1.172 

1.062 

12 

1.055 

1.053 

1.053 

1.053 

1.100 

1.100 

1.029 

1.059 

13 

1.049 

1.047 

1.047 

1.047 

1.096 

1.096 

1.056 

1.054 

14 

1.031 

1.030 

1.030 

1.029 

1.092 

1.092 

1.095 

1.041 


N N 


f. = *:+£ J v> ) + £ M » v = 

]~2 J=Ng + 1 

oT 

II 

• <s> 

(2.71) 

N N 

<?,**," + £>?/,+ £ m;,V, 

J=2 j=zNq+l 

t = JV, + l,...,JV 

(2.72) 


To compute 506 unknown coefficients, the load flow equations, for at least 23 operating 
points, are required. In this work, 50 operating points were generated to compute the 
coefficients. 

For the base case study, the maximum voltage error with model-B, compared with 
full AC load flow results, was found to be 0.86% at bus-11 but in the case of line and 
generator outages, the errors were much larger as compared to other versions of model- 
A. The error is found to be as high as 11.34% for line (1-2) outage of the IEEE 14-bus 
system as presented in Table 2.5. Model-B was found to be quite inaccurate, specially for 
contingency cases. Hence, it was not tried for the other systems. 
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Table 2.6: 30-bus system- Bus voltage magnitudes for line (1-2) outage 


Bus 

No. 

Full 

NRLF 

Version 

Ai 

Version 

a 2 

Version 

a 3 

Version 

a 4 

Version 

a 5 

1 Iter. 
NRLF 

1 

1.060 

1.059 

1.059 

1.059 

1.060 

1.060 

1.060 

2 

1.045 

1.044 

1.044 

1.044 

1.097 

1.097 

1.045 

3 

1.010 

1.009 

1.009 

1.009 

1.057 

1.057 

"l .010 

4 

1.082 

1.081 

1.081 

1.081 

1.181 

1.181 

1.082 

5 

1.010 

1.009 

1.009 

1.009 

1.099 

1.099 

1.010 

6 

1.071 

1.070 

1.070 

1.070 

1.140 

1.140 

1.071 

7 

1.033 

1.032 

1.032 

1.033 

1.123 

1.123 

1.043 

8 

1.015 

1.006 

1.006 

1.006 

1.113 

1.113 

1.022 

9 

1.037 

1.036 

1.036 

1.036 

1.122 

1.122 

1.042 

10 

1.069 

1.056 

1.057 

1.056 

1.171 

1.171 

1.066 

11 

.988 

1.017 

1.017 

1.017 

1.052 

1.052 

1.028 

12 

.996 

1.001 

1.001 

1.001 

1.074 

1.074 

1.009 

13 

1.000 

1.010 

1.010 

1.011 

1.064 

1.064 

1.019 

14 

1.022 

1.015 

1.015 

1.016 

1.116 

1.116 

1.028 

15 

1.017 

1.009 

1.009 

1.010 

1.113 

1.113 

1.023 

16 

1.020 

1.014 

1.014 

1.015 

1.113 

1.113 

1.026 

17 

1.010 

1.001 

1.001 

1.002 

1.110 

1.110 

1.017 

18 

1.004 

.991 

.991 

.993 

1.106 

1.106 

1.010 

19 

.999 

.985 

.985 

.986 

1.104 

1.104 

1.006 

20 

1.002 

.989 

.989 

.990 

1.106 

1.106 

1.009 

21 

1.005 

.994 

.994 

.995 

1.108 

1.108 

1.012 

22 

1.007 

.996 

.996 

.997 

1.110 

1.110 

1.014 

23 

1.011 

1.000 

1.000 

1.001 

1.112 

1.112 

1.016 

24 

1.011 

.997 

.997 

.998 

1.116 

1.116 

1.015 

25 

1.041 

1.027 

1.028 

1.028 

1.146 

1.146 

1.041 

26 

1.024 

1.008 

1.008 

1.009 

1.133 

1.133 

1.024 

27 

.983 

1.032 

1.032 

1.032 

1.042 

1.042 

1.042 

28 

1.004 

1.009 

1.010 

1.010 

1.069 

1.069 

1.020 

29 

1.050 

1.030 

1.030 

1.030 

1.161 

1.161 

1.047 

30 

1.039 

1.013 

1.014 

1.014 

1.156 

1.156 

1.036 
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Table 2.7: 75-bus system- Bus voltage magnitudes for line (41-42) outage 


is Full 

Version 

Version 

Version 

Version 

Version 

1 Iter. 

3. NRLF 

Aj 

a 2 

A 3 

a 4 

A 5 

NRLF 

1 1.030 

1.029 

1.029 

1.029 

1.030 

1.030 

1.030 

2 1.050 

1.049 

1.049 

1.049 

1.066 

1.064 

1.050 

mmmm 

1.029 

1.029 

1.029 

1.033 

1.032 

1.030 


4 

1.050 

1.049 

1.049 

■n— wf 1 

1.101 

gjgigi 

5 

1.050 


1.049 



1.077 

Will 



.983 

.986 

1.001 

.985 



1.049 


1.049 


1.049 


1.049 

1.019 

1.019 

1.049 

1.049 

1.029 
1.009 

1.030 
1.038 
1.006 
1.013 
.986 
.985 
1.030 
1.036 


1.016 


986 

992 

1.040 

.992 

.023 

.021 

.027 

.996 

.040 

.007 


.972 


.995 


1.040 


1.006 


.971 


1.089 


1.095 
1.090 
1.028_ 

1 . 201 " 
1.051 
1.090 


1.058 

1.060 

1.060 

1.039 

1.175 
1.168 
1.108 
1.084 

1.176 
1.084 
1.084 
1.138 
1.168 
1.173 
1.122 
1.124 
1.146 
1.094 
1.064 
1.051 
1.029 


1.092 

1.087 

1.028 

1.021 

1.194 

1.051 

1.087 

1.014 


1.056 


1.057 

1.059 

1.059 

1.038 

1.170 
1.164 
1.106 
1.083 

1.171 
1.082 
1.082 
1.134 
1.164 
1.168 
1.119 
1.121 
1.142 
1.091 


gg 


1.020 

1.020 

”1.050 
1.030 
1.010 


1.059 


'1 .057 


1.070 


1.044 


1.100 

1.132 
1.112 
1.076 
1.109 
1.089 

1.076 
1.070 

1.133 
1.102 

1.077 
1.077 
1.095 
1.040 
1.062 
1.061 
1.040 


roiWil 
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Table 2.7 (Contd.) . . . 


Bus 

No. 

Full 

NRLF 

Version 

A-i 

Version 

A 2 

Version 

a 3 

Version 

a 4 

Version 

a 5 

1 Iter. 
NRLF 

38 

1.023 

1.041 

1.041 

1.041 

1.179 

1.174 

1.139 

39 

1.022 

1.012 

1.012 

1.012 

1.158 

1.154 

1.100 

40 

.991 

.987 

.987 

.987 

1.021 

1.021 

1.022 

41 

1.025 

1.060 

1.060 

1.061 

1.174 

1.168 

1.077 

42 

1.042 

1.014 

1.014 

1.013 

1.071 

1.069 

1.064 

43 

1.014 

1.000 

1.000 

1.000 

1.140 

1.135 

1.071 

44 

1.012 

1.003 

1.003 

1.003 

1.076 

1.074 

1.061 

45 

1.024 

1.010 

1.010 

1.009 

1.120 

1.118 

1.101 

46 

.976 

.974 

.974 

.973 

1.019 

1.019 

1.028 

47 

.994 

.996 

.996 

.995 

1.066 

1.065 

1.063 

48 

.974 

.962 

.962 

.961 

1.008 

1.008 

1.006 

49 

.964 

.949 

.949 

.948 

.999 

.999 

.996 

50 

.980 

.982 

.982 

.981 

1.042 

1.041 

1.048 

51 

.962 

.942 

.942 

.941 

1.119 

1.116 

1.083 

52 

.962 

.917 

.917 

.915 

1.148 

1.144 

1.088 

53 

1.002 

.977 

.977 

.976 

1.176 

1.170 

1.094 

54 

.994 

.974 

.974 

.973 

1.115 

1.111 

1.063 

55 

.974 

.936 

.936 

.935 

1.091 

1.088 

1.039 

56 

1.007 

.988 

.988 

.988 

1.150 

1.146 

1.077 

57 

.991 

.959 

.959 

.958 

1.173 

1.167 

1.080 

58 

.993 

.961 

.961 

.960 

1.165 

1.160 

1.072 

59 

.993 

.960 

.960 

.959 

1.173 

1.167 

1.080 

60 

.982 

.957 

.957 

.956 

1.188 

1.182 

1.098 

61 

1.004 

.976 

.976 

.975 

1.171 

1.165 

1.089 

62 

1.016 

.992 

.992 

.991 

1.144 

1.140 

1.077 

63 

.980 

.946 

.946 

.945 

- - - - - 

1.104 

| 

1.100 

- IIIIITnr - .. - 1 

1.047 

64 

.965 

.952 

.952 

.951 

1.028 - 

1.027 i 

1.028 

65 

1.001 

.984 

.984 

.983 

1.175 

1.170 

1.099 

66 

.972 

.968 

.968 

.967 

1.030 

1.029 

1.033 

67 

.989 

.996 

.996 

.995 

1.081 

1.080 

1.073 

68 

.993 

.995 

.995 

.994 

1.060 

1.059 

1.056 

69 

.944 

.938 

.938 

.936 

1.006 

1.007 

1.017 

70 

.980 

.952 

.952 

.951 

1.192 

1.186 

1.098 

71 

.976 

.980 

.981 

.980 

1.077 

1.075 

1.068 

72 

.982 

.958 

.958 

.956 

1.189 

1.183 

1.099 

73 

1.021 

1.003 

1.003 

1.003 

1.132 

1.129 

1.110 

74 

.991 

1.036 

1.036 

1.036 

1.108 

1.106 

1.113 

75 

1.015 

1.050 

1.051 

1.051 

1.165 

1.161 

1.136 
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2.4 Conclusions 

In the present Chapter, new linearized load flow techniques have been developed which 
compute voltage magnitudes at load buses with acceptable accuracy for both base case 
and contingency cases. The concept of minimization of least square error and integral 
square error have been explored, possibly for the first time, in linearizing the power flow 
equations over the possible operating range. From the results obtained on the three 
systems, the following conclusions can be made : 

(i) Amongst the six proposed linearized versions, five based on ISE minimization (ver- 
sions Ai to A 5 ) and one based on LSE minimization (model-B), the version A3 in 
polar coordinates, provides more accurate results as compared with the other ver- 
sions. The versions Ax, A2 and A3 provide far superior results as compared to those 
obtained with the first iteration of NRLF (in polar coordinates). The model-B is 
found to be the least accurate. 

(ii) The proposed linearized models are non-iterative in nature and takes approximately 
the same CPU time as the first iteration of NRLF method. 

(iii) For some of the contingency cases, where AC load flow method diverges, the pro- 
posed methods are able to predict the approximate bus voltage magnitudes. 

In view of the above, the proposed linearized load flow models, specially version A3 
of model-A, can be effectively used for voltage contingency analysis. From numerical 
simulation, it was found that the errors in the predicted value of voltage angles by pro- 
posed models are quite high. Hence, these models can not be used for post-outage power 
calculations. 



Chapter 3 


Voltage and Reactive Power 
Distribution Factors for Outage 
Analysis 


3.1 Introduction 

In Chapter 2, six linearized load flow models were developed for voltage contingency anal- 
ysis. Amongst them some of the models, specially the model A 3 , were found to provide 
quite accurate results in terms of predicting the post-outage bus voltages. However, these 
linearized models involve inversion of a matrix of almost the same size as the Jacobian for 
each outage case and hence, require additional CPU time. Moreover, these linearized load 
flow models do not handle the reactive power limit violation of the generators. Further 
the voltage angles predicted by the linearized load flow models are found to be inaccu- 
rate and hence, they can not be used to predict the change in reactive power output 
of the sources. The change in reactive power output of the sources may be required in 
contingency selection to form a suitable performance index for ranking the contingencies. 

Distribution factors have been popularly used for the real power security analysis [38, 
68]. Some of the attempts to derive the distribution factors for reactive power or voltage 
security include the efforts of Illic-Spong et al. [48] and Taylor et al. [102]. Their models 
are based on feist decoupled load flow (FDLF) [11] and require nine sets of distribution 
factors to calculate the reactive power flow of a transmission branch. The results presented 
in their work show that in most of the cases, the normalized errors in the load flow solution 
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using the distribution factors [48,102] are greater than 10% which are more than 30% in 
few cases. 

Lee and Chen [113] have suggested voltage distribution factors for line outages derived 
from the FDLF equations. However, the P-V and Q-S decoupling assumptions may not 
remain valid during system stressed conditions [154]. Hence, the use of FDLF based model 
is not appropriate for obtaining the distribution factors. Rao [118] and Singh et al. [138] 
have suggested the distribution factors for both voltage and reactive power calculations 
which were derived by exploiting the sensitivity property of Newton-Raphson load flow 
(NRLF) Jacobian available at the end of the base load flow solution. In the above two 
works, line outage voltage distribution factors were expressed in terms of only reactive 
power flow in the transmission units prior to the contingency. These factors do not reflect 
the effect of the real power flow which may also affect the bus voltages significantly, 
specially, under heavily loaded conditions. 

Hence, in this Chapter, new sets of distribution factors have been suggested which 
can be used for direct computation of bus voltages as well as reactive power output of 
sources following a line/transformer or a generator outage. The voltage and reactive 
power distribution factors have been defined in terms of the pre-outage real and reactive 
power flows in the lines/outputs of generators. They have been derived using an efficient 
method exploiting the sensitivity properties of NRLF Jacobian available at the end of 
base load flow. The accuracy of the proposed distribution factors in predicting the bus 
voltages and reactive power output of sources have been established on IEEE 14-bus, 
IEEE 30-bus and a practical 75-bus UPSEB systems. 

3.2 Power Flow Model of Transmission Branches 

The transmission branches consist of transmission lines and transformers. The models 
used for these two elements in deriving the distribution factors are described below. 

3.2.1 Transmission Line Model 

Fig. 3.1 shows a transmission line-Z represented by its lumped n-equivalent parameters 
connected between bus-* and bus-j. The complex power flowing from bus-* to bus-j 
(S tJ = Pij + jQij) can be expressed as 
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Bus-? Bus-j 



Figure 3.1: II-equivalent model of a transmission line 


s; 3 = Ptj - jQtj = v*i tJ 

= v;[(v t - V 3 )Y tj + V t (jB sh )] 

= V?[G tJ + j(B t: + B sh )} - VjV 3 (G t3 + jB v ) 


Equating the real and imaginary parts in the above equation, the expression for real 
and reactive power flows can be written as 

P v = V t 2 G t , - V t V 3 G t3 cos (Sf -6j)~ V t V,B tJ sin (6, - S : ) (3.2) 

Q v = -V t 2 (B tJ + B sh ) - V t V 3 G tJ sin (6 t - S 3 ) + V t V 3 B tj cos (S t - S } ) (3.3) 

Sinnilarly, the real and reactive power flows from bus-j to bus-i can be expressed as 

P 3t = V 2 G tJ - V t V 3 G tJ cos (S t -S 3 ) + V t V 3 B t3 sin (S x - S 3 ) (3.4) 

Q 3l = -V 2 {B X3 + B sh ) + V t V 3 G t3 sin (6 t -S 3 ) + V t V 3 B i3 cos (S t - S 3 ) (3.5) 


Outage of any of the branches causes redistribution of real and reactive power flows in the 
network and hence, changes the voltage profile. Since the real and reactive power flows at 
the sending and the receiving ends are different, neither of them can be used to define the 
outage distribution factors. Hence, the average or transmitted powers as defined below 
have been used for this purpose. 

p? = \(p v - p,.) 


(3.6) 
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Bus-jf 



Figure 3.2: Transformer single-line diagram 


Qi — 2^ t: 

(3.7) 

From equations (3.2) to (3.7), Pf and Qf can be expressed as 

Pi = \{Vl - V 3 2 )G i: - V t V 3 B l3 sin ^ - S 3 ) 

(3.8) 

Qj = ~\{V? - Vf)(B v + B sh ) - V t VjG %] sin (6, - 6,) 

(3.9) 


3.2.2 Transformer Model 

A transformer-/ connected between bus-/ and bus-j and having tapping ratio a : 1 is 
shown in Fig. 3.2. Y t3 is the series admittance of the transformer. The Il-equivalent 
model of the transformer is shown in Fig. 3.3. The real and reactive power flows from 
bus-/ to bus-j can be derived similar to the transmission line model and can be expressed 
as 

P„ = Re{V;[(V, - V,f-f + VX,i(l - 1)]} 

(3.10) 

= - V,V,^- cos (6,-6,)- sin («, - *,) 

and 

Q.i = - VfVfy 

= - ^ sin (4 -S,) + V.l^cos («. - Si) 


(3.11) 
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Figure 3.3: FI-equivalent model of transformer 


Similarly, real and reactive power flows from bus-j to bus-i can be written as 

P„ = Re{v;[(V, - V.f-f + VX,(1 - i)]} 

(3.12) 

= V 2 G„ - V, V, Si cos (4 - 4, ) + K V, sin (4 - 4 ) 

,Q Jt = - v;vQ) 

(3.13) 

= -V?B„ + sin (4 - 6,) + V.V^cos (A, - i,) 

The average of real and reactive power flows through the transformer-/, as defined by 
equations (3.6) and (3.7), can be expressed as 

Pi = - V, 2 )G„ - V.V^smVi - 4) (3.14) 

z or a 

Qf = - V.vff sin (4 - 4) (3.15) 

Z d CL 

3.3 Proposed Distribution Factors 

In the voltage security or reactive power security studies, the effect of line/transformer or 
generator outages on the system voltage profile and reactive power output of sources are 
required to be computed. Two groups of distribution factors have been suggested viz. the 
voltage distribution factors which can be used to compute the post-outage voltage profile 
in the system and the reactive power distribution factors which can be used to compute 
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Bus-? Bus -j 



Qf 


Figure 3.4: Schematic diagram of a line — 1 


the post-outage output of the reactive power sources. For a line/transformer outage, 
these factors have been termed as line outage voltage distribution factors (LOYDFs) and 
line outage reactive power distribution factors (LOQDFs), respectively. In the case of 
generator outage, they have been termed as the generator outage voltage distribution fac- 
tors (GOVDFs) and the generator outage reactive power distribution factors (GOQDFs), 
respectively. These factors are defined as following: 


3.3.1 Line Outage Distribution Factors 


Consider the outage of a line or a transformer—/ carrying an average real power Pf and 
reactive power Qf. The transmission unit can be represented by two fictitious lines l x 
and I 2 in parallel as shown in Fig. 3.4, one carrying only the real power P p and the other 
carrying only the reactive power Qf. Cumulative effect of outages of these fictitious lines 
and Z 2 , determined individually, will provide the total effect of outage of the transmission 
unit-/. If change in voltage at bus-/ is AV t p due to outage of the line-Zi carrying only real 
power Pf and AV® the change in the voltage following the outage of line-/ 2 carrying only 
reactive power Qf, the net change in voltage at bus-/ will be the sum of AV P and AV® 
for the line/ transformer-/ outage. The line outage voltage distribution factors a p and a® 
corresponding to the outage of fictitious line-/i and line-Z 2 , respectively can be defined as 



(3.16) 
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and 




AV t Q 

QT 


i = 1 ,...,iV k l = 1 


(3.17) 


Similarly, for the outage of the above line-/, the change in reactive power output of a 
source (say source-j) can be obtained as the sum of the changes due to outage of the 
fictitious lines Zi and / 2 . The line outage reactive power distribution factors denoted as 
cj and eg corresponding to the outage of the two fictitious lines L and I 2 respectively, as 
defined below, can be used for computation of the post-outage reactive power output of 
the sources. 


c h ~ 


AQ P 


G 3 


PI 


and 




Cu = 


Go 


j = l,...,Ng k l = 


(3.18) 


(3.19) 


' h QJ 

Where N, Ni and N q are the total number of buses, lines and reactive power sources in 
the system. A Qq 3 and AQq : are the changes in reactive power output of source- j due 
to outage of the fictitious lines L and Z 2 , respectively. If the pre-outage real or reactive 
power flows (P ; T or Qf) of the transmission unit is zero, corresponding distribution factor 
has been taken as zero. 


3.3.2 Generator Outage Distribution Factors 

Consider the outage of a generator-^ having real power output Pg 3 and reactive power 
output Qa g during pre-outage condition. The generator-# can be assumed to consist of 
two fictitious sources #1 and #2 representing purely real power source with output Pa g 
and purely reactive power source having output Qg 3 -, respectively. Cumulative effect of 
outage of these sources has been used to simulate outage of generator-#. Assume that 
the outages of these fictitious sources #1 and # 2 change the voltage at bus-i by AV t p and 
AV t Q , respectively and the reactive power output of another source-# in the system by 
AQq 3 and AQq : , respectively. The corresponding generator outage voltage distribution 
factors b p % and can be defined as 

up _ 

p 

* Gg 


(3.20) 
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and 


= 


AK 

Qg 3 


Q 


i = 1, . . . , N t g = 


(3.21) 


Similarly, the generator outage reactive power distribution factors d £ and can be 
defined as 


d p = 

93 


A Q p 


G] 


Gg 


and 


d?. 


93 


Qg 9 


g = l,...,N & j = l,...,N q &g) 


( 3 . 22 ) 


(3.23) 


While simulating a generator outage, it has been assumed that the real power outage will 
be met by the slack bus generator only. 

The above eight sets of distribution factors (equation (3.16) to (3.23)) can be directly 
used to compute the post-contingency system voltage profile and reactive power output of 
the sources. If pre-outage voltage of the bus-z and reactive power output of a source- j are 
V t ° and Qqj, respectively, then the post-outage voltage V t n at a bus-i can be computed as 


v? = V° + c-ZP? + i = 


(3.24) 


and the post-outage reactive power output of the source-j , Qq : can be computed as 

Qa, = Ql, + 4, Pi + cgQf j = l (3.2S) 

for a line/transformer-/ outage. 

For a generator-# outage, these quantities can be computed as 

V" = V,° + b?P 0l + h? t Qa, i = l,...,N (3.26) 

and 


Ql, = Q%, +<%,Pa,-K%Qo, 3 = 1, • ■ • . 3) 


(3.27) 
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3.4 Calculation of Distribution Factors 


For computation of voltage and reactive power distribution factors as defined in equations 
(3.16) to (3.23), the base case values of line flows and output of sources as well as the 
effect of each outage on bus voltages and reactive power output of sources are required 
to be known. A new approach utilizing the sensitivity properties of the Newton-Raphson 
base case load flow Jacobian has been suggested to compute the post-outage changes in 
bus voltage magnitudes and reactive power generations. 

The NRLF equations in polar coordinates [19] relate power mismatch with voltage 
corrections as 


AP 

AQ 


[J] 


AS 

L Ay /v J 


(3.28) 


When Q-limits of the sources are considered, the size of Jacobian [J] will be (2A r -JV g -fm- 
l)x(2N-N q +m-l), where m is the number of P-V buses converted to P-Q type following 
the violation of generator Q-limits. Consider an extended Jacobian [J*] at the end of base 
case load flow of size (2iV-2) x (2JV-2) with all source buses (except slack bus) treated as 
P-Q type. This matrix [/*] can be formed at the end of load flow easily by augmenting 
(dQ / dS) and (dQ /dV.V) elements corresponding to all P-V buses (except slack bus) in 
the final Jacobian [J]. A sensitivity matrix [S'] can be defined as [S'] = [J*] -1 . This 
directly provides the sensitivity relationship between bus powers and voltages and can be 
used to compute new bus voltage angles and magnitudes using the following equation, if 
the changes in bus power injections are known. 


AS 

L J 


= [$] 


AP 

AQ 


(3.29) 


If the generator or line outages are simulated, as changes in real and reactive power 
injections, the post-outage changes in voltage magnitudes and angles can be directly 
computed using equation (3.29). In order to simulate the effect of the real and reactive 
power changes separately, equation (3.29) can be rewritten as 


AS P + AS Q 

AV P AV« 


= 15] 


AP 

0 


+ [$] 


0 

AQ 


(3.30) 


L V ' V 

where superscript P denotes the change in voltage angle or magnitude due to change in 
real power injection and superscript Q due to the change in reactive power injection. The 
above equation (3.30) can be decomposed into two sets of equations as following 
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r A 6 P 1 

= [S] 

' AP ‘ 

1 

a, 

<1 

i 

0 

' A 8 Q ' 


0 

avQ 

L v J 

. . 


(3.31) 


(3.32) 


The total change in bus voltage magnitudes and angles will be summation of the changes 
computed from equations (3.31) and (3.32) separately. Thus, the change in voltages from 
pre-outage to the post-outage condition can be expressed as 


AV = AV P + AU g 


(3.33) 


and 


A 6 = A 6 P + A S Q (3.34) 

With the new complex bus voltages known, the post-outage reactive power output of 
sources and hence, the changes in these outputs can be computed. The attractive feature 
of this approach is that it does not require any additional load flow simulation for the con- 
tingencies. Thus, the distribution factors can be updated and the post-outage quantities 
using them can be calculated very fast. The procedure for simulating line and generator 
outages in the sensitivity relationship and calculation of the distribution factors are given 
below. 


3.4.1 Line Outage Voltage Distribution Factors 

Fig. 3.5 shows the pre-outage state of a part of a power system network, where line-/ 
connecting bus-i and bus-j , is to be considered for outage study. Fig. 3.6 shows the 
post-outage state of the power system in which line-/ is out of service. Usual simulation 
of the line outage requires modification of [F^] to exclude the parameters of line-/ which 
changes the Jacobian and hence, involves a time extensive process. In order to retain 
the original [T{, us ] and also the elements of the Jacobian and the sensitivity matrix, line 
outage has been simulated by considering two fictitious generators at bus-i and bus-j and 
a fictitious line having same parameter as the original line. By retaining a fictitious line 
of same parameter, [V& us ] remains unaffected. The power flow in this fictitious line is 
considered as the pre-outage power flow in the actual line. The power injected due to the 
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Figure 3.5: Pre-outage state of the power system 



Figure 3.6: Post-outage state of the power system 
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two fictitious sources have been taken same as the line flows at the two ends in order to 
make the net power to be zero and thus, simulating the line outage condition. Hence, 
the changes in bus powers from pre-outage to post-outage state at bus-/ and bus-ji for 


outage of line-/ are 



> 

To 

II 

To 

*<» 

AP, = P, t 

(3.35) 

and 



A Q t = Q„, 

AQj = Qj% 

(3.36) 


For outage of the line-/, all the elements of power mismatch vectors in equations 
(3.31) and (3.32), will be zero except those corresponding to bus-/ and bus-ji as defined 
in equations (3.35) and (3.36). If either bus-/ or bus-j is slack bus, only one non-zero 
element will appear in the [AP] and [AQ] vectors. 

The solution of equations (3.31) and (3.32) provides the changes in bus voltage angles 
and magnitudes from pre-outage to post-outage condition corresponding to the outage of 
only real power and only reactive power flows of the line, respectively. With the changes 
in voltage magnitudes at all the buses known (slack bus voltage assumed to be constant), 
the line outage voltage distribution factors can be computed using equations (3.16) and 
(3.17). P; T and Qf are computed from the base load flow results using equations (3.6) 
and (3.7). The factors af t and a® can be calculated for each line outage, considering one 
at a time. Thus, the total number of line outage voltage distribution factors for outage 
of only real power or only reactive power flows of lines will be ( NxNi ) each. These can 
be stored in computer memory, say as matrices [ A p ] and [T^j, respectively, to carry out 
voltage contingency analysis. 

3.4.2 Generator Outage Voltage Distribution Factors 

Fig. 3.7 shows the pre-outage state of a generator-# which is connected to a bus-/. Fig. 
3.8 shows the post-outage state of power system in which generator-# is taken out. 

The changes in power injection at bus-/ from pre-outage to post-outage can be given 
as 

AP, = -P g (3.37) 


A Q, = -Q g 


(3.38) 
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Generator-# 



Figure 3.7: Pre-outage state of the power system 


B us-t Pt , Qt > 



Figure 3.8: Pre-outage state of the power system 
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With these power mismatches, the equations (3.31) and (3.32) are solved separately to 
compute changes in bus voltage magnitudes AV P and AV^, respectively. The generator 
outage voltage distribution factors (GOVDFs) are computed for outage of each generator, 
taken one at a time, using equations (3.20) and (3.21). These factors, thus obtained, are 
stored in the computer memory, say as matrices [ B p ] and [B^], respectively, for the 
contingency analysis. Outage of slack bus generator have not been simulated in the 
present study. Its simulation will require considering another generator as slack bus and 
redefining matrices [J] and [5] accordingly. 

3.4.3 Line Outage Reactive Power Distribution Factors 

Consider the outage of a line-Z. The change in bus voltage magnitudes and angles can 
be calculated on the similar lines as described in section 3.4.1. Using the new computed 
values of voltage magnitudes and angles, the reactive power output at the source buses 
and hence, the change in their reactive power outputs from pre-outage ( Q % g ) to post- 
outage condition can be computed. The change in reactive power output of the source-^ 
due to only real power and only reactive power outage of the line can be written as 


^ QGg — QGg ~~ Qg 3 

(3.39) 

^■Q%g ~ Qcfg ~ QGg 

(3.40) 


where the Qq 3 is calculated by using voltage magnitudes V p (=V° + AV P ) and angles 
8 P (= 6° + A 8 P ) and the Q% g by using voltage magnitudes V® (=V° + AV Q ) and an- 
gles 8 Q (= 8° + A8 Q ). The V° and 8° are the pre-outage bus voltage magnitudes and 
angles, respectively. The line outage reactive power distribution factors (LOQDFs) can 
be calculated using equations (3.18) and (3.19) for each line outage taken one at a time. 

Thus the total n umb er of line outage reactive power distribution factors for the real 
power outage or the reactive power outage are NjxN q which can be stored in the memory 
of computer, say as matrices [C p ] and [C®], respectively. 


3.4.4 Generator Outage Reactive Power Distribution Factors 

For outage of a generator, the change in bus voltage angles and magnitudes are computed 
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post-outage voltages are, thus, computed by adding these changes in voltages to their base 
case values. Using the post-outage bus voltage magnitudes and angles, the reactive powers 
( Qa g and Qc g ) and hence, the change in reactive power generations (A Qq 9 and AQg 5 ) 
from the pre-outage to post-outage, can be computed using equations (3.39) and (3.40). 
The generator outage reactive power distribution factors (GOQDFs) can be calculated for 
outage of all the generators, taken one at a time, using equations (3.22) and (3.23). These 
factors are stored in the memory of the computer, as matrices [ D p ] and [D^], respectively 
and can be used for the contingency analysis. Each of these matrices will contain (N g - 1 
xN g ) elements. 


3.5 Numerical Results and Discussions 

To establish the effectiveness of the proposed distribution factors, outage studies were 
conducted on following three sample systems: 

(i) IEEE 14-bus system as described in Appendix-B, 

(ii) IEEE 30-bus system as described in Appendix-C and 

(iii) A practical 75-bus UP State Electricity Board (UPSEB) system as described in 
Appendix-D. 

The voltage magnitudes and reactive power output of the sources calculated by the new 
distribution factors are compared with the Newton-Raphson load flow results obtained 
for the post-outage conditions. Voltage error has been defined as 

€ v = \V* F - V DF \ (3.41) 

where V PF are the post-outage bus voltages calculated by the power flow program and 
V DF the post-outage bus voltages calculated by the distribution factors. For the present 
study, contingencies of all the lines, taken one at a time for all the three systems and outage 
of all the generators (except slack bus generator), taken one at a time, were simulated. 
The change in reactive power outputs of sources A Qq 9 and A Q% g for outages of only real 
power and only reactive power flows of line/output of generators, from the base case, have 
been calculated on the assumption that the total change in reactive power A Qa g is the 
summation of A Qq 3 and A Q*Q g . 
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Table 3.1: Line outage voltage distribution factors [A p \ 


Line- 

Bus-1 

Bus-2 

Bus-3 

Bus-4 

Bus-5 

Bus- 6 

Bus-7 

1 

.0000 

-.0053 

-.0302 

-.0092 

-.0090 

-.0092 

-.0062 

2 

.0000 

-.0038 

-.0067 

-.0067 

-.0170 

-.0175 

-.0199 

3 

.0000 

-.0058 

-.0119 

-.0102 

-.0282 

-.0289 

-.0339 

4 

.0000 

-.0198 

-.0394 

-.0282 

-.0361 

-.0370 

-.0383 

5 

.0000 

-.0003 

-.0226 

-.0092 

-.0188 

-.0193 

-.0200 

6 

.0000 

.0070 

-.0025 

.0396 

-.0038 

-.0039 

-.0040 

7 

.0000 

.0039 

.0036 

.0081 

.0111 

.0114 

.0114 

8 

.0000 

-.0191 

-.0167 

-.0187 

-.0172 

-.0176 

-.0181 

9 

.0000 

-.0115 

-.0244 

-.0572 

-.0268 

-.0275 

-.0281 

10 

.0000 

.0560 

.1016 

.0875 

.1305 

.1336 

.1411 

11 

.0000 

-.0042 

-.0263 

-.0173 

-.0299 

-.0306 

-.0314 

12 

.0000 

-.0020 

-.0053 

-.0035 

-.0112 

-.0115 

-.0140 

13 

.0000 

.0002 

-.0045 

.0006 

.0027 

.0027 

.0034 

14 

.0000 

-.0024 

.0042 

-.0048 

-.0153 

-.0157 

-.0197 

15 

.0000 

-.0018 

-.0086 

-.0031 

-.0065 

-.0066 

-.0078 

16 

.0000 

-.0024 

-.0069 

-.0043 

-.0106 ! 

-.0108 

-.0133 

17 

.0000 

-.0013 

-.0186 

-.0016 : 

.0004 

.0004 

.0009 

18 

.0000 

.0017 

-.0062 

.0036 

.0123 

.0126 

.0159 

19 

.0000 

-.0006 

.0018 

-.0011 

-.0040 

-.0041 

-.0054 

20 

.0000 

-.0031 

.0036 

-.0062 

-.0192 

-.0197 

-.0248 


Contd. . . . 
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Line - 

Bus-8 

Bus- 9 

Bus-10 

Bus- 11 

Bus- 12 

Bus-13 

Bus-14 

1 

-.0103 

-.0121 

-.0093 

-.0182 

-.0295 

-.0260 

-.0145 

2 

-.0083 

-.0087 

-.0184 

-.0135 

-.0074 

-.0094 

-.0159 

3 

-.0129 

-.0133 

-.0313 

-.0231 

-.0132 

-.0164 

-.0272 

4 

-.0376 

-.0345 

-.0387 

-.0391 

-.0399 

-.0399 

-.0396 

5 

-.0221 

-.0177 

-.0205 

-.0215 

-.0228 

-.0226 

-.0215 

6 

-.0021 

-.0037 

-.0038 

-.0033 

-.0027 

-.0028 

-.0036 

7 

.0010 

.0117 

.0103 

.0073 

.0042 

.0050 

.0089 

8 

-.0154 

-.0167 

-.0180 

-.0175 

-.0171 

-.0173 

-.0181 

9 

-.0216 

-.0264 

-.0277 

-.0263 

-.0250 

-.0255 

-.0275 

10 

.0957 

.1118 

.1368 

.1218 

.1051 

.1108 

.1309 

11 

-.0232 

-.0294 

-.0308 

-.0288 

-.0270 

-.0276 

-.0303 

12 

-.0045 

-.0045 

-.0129 

-.0096 

-.0058 

-.0070 

-.0113 

13 

-.0005 

.0010 

-.0237 

-.0151 

-.0042 

-.0030 

.0008 

14 

-.0026 

-.0067 

-.0304 

-.0573 

.0030 

-.0003 

-.0120 

15 

-.0035 

-.0041 

-.0082 

-.0086 

-.0958 

-.0235 

-.0147 

16 

-.0042 

-.0057 

-.0126 

-.0102 

-.0223 

-.0548 

-.0315 

17 

-.0046 

-.0017 

-.0016 

•-.0090 

-.0254 

-.0372 

-.0892 

18 

.0013 

.0051 

.0255 

-.0305 

-.0052 

-.0021 

.0087 

19 

-.0006 

-.0016 

-.0043 

-.0015 

.0741 

-.0313 

-.0168 

20 

-.0037 

-.0085 

-.0212 

-.0104 

.0100 

.0234 

-.0786 
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Table 3.2: Line outage voltage distribution factors [A®] 


Line- 

Bus-1 

Bus-2 

Bus-3 

Bus-4 

Bus-5 

Bus-6 

Bus- 7 

1 

.0000 

.0947 

.2647 

.1558 

.2207 

.2260 

.2409 

2 

.0000 

-.0068 

-.0640 

-.0110 

-.1520 

-.1556 

-.1207 

3 

.0000 

.1150 

.2802 

.2089 

.3114 

.3189 

.3419 

4 

.0000 

-.0748 

-.1812 

-.1226 

-.1662 

-.1702 

-.1780 

5 

.0000 

.0390 

-.0073 

.0199 

-.0009 

-.0010 

-.0023 

6 

.0000 

-.0678 

-.1553 

-.1108 

-.1695 

-.1736 

-.1755 

7 

.0000 

.0047 

.0023 

.0155 

.0183 

.0187 

.0159 

8 

.0000 

-.0560 

-.0483 

-.0541 

-.0493 

-.0505 

-.0517 

9 

.0000 

.1339 

.1265 

.1695 

.1304 

.1335 

.1364 

10 

.0000 

.0010 

.0032 

.0017 

-.1545 

.0054 

.0046 

11 

.0000 

.0060 

-.0522 

-.0308 

-.0598 

-.0612 

-.0613 

12 

.0000 

.0027 

-.0137 

.0055 

.0494 

.0506 

-.0344 

13 

.0000 

.0001" 

-.0169 

.0007 

.0097 

.0099 

.0147 

14 

.0000 

.0035 

.0633 

.0048 

-.0092 

-.0094 

-.0178 

15 

.0000 

.0023 

.0225 

.0037 

.0041 

.0041 

.0038 

16 

.0000 

.0021 

.0281 

.0032 

-.0001 

-.0001 

-.0024 

17 

.0000 

.0013 

-.0317 

.0033 

.0252 

.0258 

.0373 

18 

.0000 

.0349 

.1237 

.0622 

.1641 

.1680 

.2148 

19 

.0000 

.0003 

.0093 

.0004 

-.0023 

-.0024 

-.0039 

20 

.0000 

.0151 

.1297 

.0248 ' 

.0325 

.0333 

.0339 


Contd. . . . 




CHAPTER 3. VOLTAGE AND REACTIVE ....* OUTAGE ANALYSIS 


57 


Table 3.2 (Contd.) . . . 


Line- 

Bus-8 

Bus-9 

Bus- 10 

Bus- 11 

Bus- 12 

Bus-13 

Bus- 14 

1 

.2227 

.1983 

.2470 

.2567 

.2665 

.2660 

.2564 

2 

-.0169 

-.0138 

-.1114 

-.0884 

-.0691 

-.0735 

-.1018 

3 

.2194 

.2765 

' .3333 

.3083 

.2888 

.2942 

.3268 

4 

-.1774 

-.1558 

-.1799 

-.1813 

-.1834 

-.1840 

-.1839 

5 

-.0113 

.0015 

-.0032 

-.0053 

-.0071 

-.0067 

-.0043 

6 

-.1326 

-.1703 

-.1731 

-.1649 

-.1590 

-.1610 

-.1722 

7 

-.0093 

.0239 

.0136 

.0080 

.0034 

.0043 

.0110 

8 

-.0438 

-.0482 

-.0515 

-.0501 

-.0492 

-.0497 

-.0517 

9 

.1138 

.1281 

.1357 

.1317 

.1290 

.1303 

.1362 

10 

.0019 

.0023 

.0044 

.0038 

.0034 

.0035 

.0042 

11 

-.0425 

-.0611 

-.0601 

-.0564 

-.0536 

-.0544 

-.0593 

12 

.0036 

.0076 

-.0309 

-.0225 

-.0154 

-.0169 

-.0272 

13 

-.0009 

.0012 

-.0571 

-.0373 

-.0147 

-.0125 

.0028 

14 

.0103 

.0057 

-.0354 

-.0740 

.0581 

.0526 

.0132 

15 

.0056 

.0047 

.0072 

.0147 

-.1100 

-.0235 

-.0083 

16 

.0055 

.0039 

.0030 

.0154 

-.0175 

-.0567 

-.0267 

17 

.0002 

.0049 

.0253 

-.0027 

-.0466 

-.0586 

-.1501 

18 

.0699 

.0817 

.2724 

.1440 

.1323 

.1393 

.1850 

19 

.0012 

.0005 

-.0016 

.0038 

.1011 

-.0301 

-.0158 

20 

.0353 

.0317 

.0513 

.0901 

.1623 

.1882 

-.0164 


Table 3.3: Generator outage voltage distribution factors [i? p ] 


Gen- 

Bus-1 

Bus-2 

Bus-3 

Bus-4 

Bus-5 

Bus-6 

Bus-7 

2 

.0000 

-.0194 

-.0169 

-.0190 

-.0174 

-.0178 

-.0183 

3 

.0000 

-.0254 

-.0703 

-.0379 

-.0457 

-.0468 

-.0451 

4 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

5 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 


Table 3.3 (Contd.) . . . 


Gen- 

Bus-8 

Bus-9 

Bus- 10 

Bus- 11 

Bus- 12 

Bus-13 

Bus-14 

2 

-.0156 

-.0169 

-.0182 

-.0177 

-.0173 

-.0175 

-.0183 

3 

-.0485 

-.0472 

-.0486 

-.0580 

-.0701 

-.0666 

-.0549 

4 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

5 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 
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Table 3.4: Generator outage voltage distribution factors [B®] 


Gen- 

Bus-1 

Bus-2 

Bus-3 

Bus-4 

Bus-5 

Bus-6 

Bus-7 

2 

.0000 

-.0497 

-.0429 

-.0479 

-.0437 

-.0448 

-.0458 

3 

.0000 

-.0410 

-.2557 

-.0700 

-.1370 

-.1403 

-.1668 

4 

.0000 

-.0461 

-.0706 

-.1564 

-.0755 

-.0774 

-.0785 

5 

.0000 

-.0400 

-.1315 

-.0716 

-.3737 

-.2211 

-.1912 


Table 3.4 (Contd.) . . . 


Gen- 

Bus-8 

Bus- 9 

Bus- 10 

Bus-11 

Bus-12 

Bus-13 

Bus-14 

2 

-.0388 

-.0428 

-.0456 

-.0444 

-.0437 

-.0441 

-.0459 

3 

-.0894 

-.0906 

-.1839 

-.2200 

-.2525 

-.2472 

-.2056 

4 

-.0615 

-.0753 

-.0777 

-.0744 

-.0721 

-.0730 

-.0775 

5 

-.0790 

-.0942 

-.1819 

-.1577 

-.1378 

-.1426 

-.1730 


Table 3.5: Line outage reactive power distribution factors [C p ] 


Line- 

Gen-1 

Gen-2 

Gen-3 

Gen-4 

Gen-5 

1 

.1386 

.0001 

.0152 

.0000 

.0000 

2 

.1059 

.0000 

.0012 

.0000 

.0000 

3 

.1626 

.0000 

.0016 

.0000 

.0000 

4 

.3406 

.0175 

-.0001 

.0015 

-.0001 

5 

.1419 

.0081 

.0000 

.0012 

.0000 

6 

-.0990 

-.0053 

.0000 

-.0109 

.0000 

7 

-.0631 

-.0013 

-.0003 

-.0003 

.0000 

8 

.2139 

.0232 

.0001 

-.0002 

-.0001 

9 

.3065 

.0295 

.0002 

.0252 

-.0001 

10 

-.9959 

.0000 

.0000 

.0000 

.0000 

11 

.2041 

.0130 

.0003 

.0033 

-.0001 

12 

.0567 

.0000 

.0004 

.0000 

.0000 

13 

-.0005 

.0000 

.0000 

.0000 

i 

.0000 

14 

.0511 

.0000 

.0064 

.0000 

.0000 

15 

.0460 

.0000 

.0049 

.0000 

.0000 

16 

.0585 

.0000 

.0084 

.0000 

.0000 

17 

.0429 

.0000 

.0007 

.0000 

.0000 

18 

-.0342 

.0000 

-.0007 

.0000 

.0000 

19 

.0118 

.0000 

.0006 

.0000 

.0000 

20 

.0679 

.0000 

.0011 

.0000 

.0000 
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Table 3.6: Line outage reactive power distribution factors \C®\ 


Line- 

Gen-1 

Gen-2 

Gen-3 

Gen-4 

Gen-5 

1 

-2.6796 

.0000 

.2268 

-.0001 

-.0001 

2 

.1974 

.0000 

.0000 

.0000 

.0002 

3 

-3.0224 

.0000 

.0000 

-.0001 

.0000 

4 

2.1242 

.0000 

-.0001 

.0002 

.0001 

5 

-.6349 

1.3133 

.0000 

.0000 

.0000 

6 

1.7965 

.0000 

.0000 

.1774 

-.0001 

7 

-.0399 

.0000 

.0000 

.0000 

.0000 

8 

1.1851 

-1.1401 

-.0001 

.0002 

.0001 

9 

-2.8732 

2.3653 

.0000 

.3609 

.0000 

10 

-.0259 

.0000 

.0000 

.0000 

-1.0346 

11 

.0875 

.9784 

.0000 

.0001 

.0000 

12 

-.0638 

.0000 

.0000 

.0000 

.0000 

13 

.0010 

.0000 



.0000 

.0000 

.0000 

14 

-.1084 

.0000 

1.0590 

.0000 

.0000 

15 

-.0671 

.0000 

1.0380 

.0000 

.0000 

16 

-.0630 

.0000 

1.0406 

.0000 

.0000 

17 

-.0257 

.0000 

-.0001 

.0000 

.0000 

18 

-.9323 

.0000 

.0000 

.0000 

.0000 

19 

-.0118 

.0000 

.0000 

.0000 

.0000 

20 

-.4261 

.0000 

-.0001 

.0000 

.0000 


Table 3.7: Generator outage reactive power distribution factors [D p ] 


Gen- 

Gen-1 

Gen-2 

Gen- 3 

Gen-4 

Gen-5 

2 

.1922 

.0000 

.0000 

.0000 

.0000 

3 

.4708 

.0058 

.0000 

.0006 

-.0001 

4 

.ooo'o 

.0000 

.0000 

.0000 

.0000 

5 

.0000 

.0000 

.0000 

.0000 

.0000 
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Table 3.8: Generator outage reactive power distribution factors [D®] 


Gen- 

Gen-1 

Gen-2 

Gen-3 

Gen-4 

Gen-5 

2 

1.0504 

.0000 

.0001 

-.0003 

-.0001 

3 

1.1274 

.0000 

.0000 

-.0005 

-.0005 

4 

1.0921 

.0002 

.0001 

.0000 

-.0002 

5 

1.0630 

.0000 

.0000 

-.0005 

.0000 


The post-outage voltage magnitudes at all the buses for the above four contingency 
cases are given in Table 3.9, calculated from the load flow as well as by using the dis- 
tribution factors. The corresponding errors e v are also presented in this table for the 
above mentioned outages. Table 3.10 shows the post-outage reactive power output of the 
sources calculated from the load flow ( Q PF ) and the distribution factors (Q ). From 
Table 3.9, it can be seen that the largest voltage error is 0.016 pu in the case of line (2-4) 
outage, while it is only 0.025 pu and 0.008 pu in the case of line (5-6) and transformer (9- 
6) outages, respectively. For generator-2 outage, the maximum voltage error is 0.026 pu. 
Table 3.10 reveals that the reactive power output of the sources calculated by distribution 

factor methods are closer to those obtained by the NRLF method. 

& 


3.5.2 IEEE 30-bus System 

For this system, results of only four outage cases have been presented. These cases include 
the outage of t 

(1) a line between bus-2 and bus-5 whose pre-outage real power flow was the second 
largest amongst all transmission lines. The maximum real power flow was in a line 
between bus-1 and bus-2, but it has not been considered as the post-outage NRLF 
did not converge for this case. 

(2) a line between bus-5 and bus-12 whose pre-outage reactive power flows were $ 5-12 
= 20.6 and Qu-s = -l 4 - 2 MVARs. This line carries reactive power which is second 
.largest amongst all the lines. The largest reactive power flow was in the line (1-2). 

(3) a transformer between bus-10 and bus-28 whose complex power flow, S 10 - 2 s = 24-1 
MVA, was the highest amongst all the transformers, and 
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Table 3.9: 14-bus system- Post-outage bus voltage magnitudes 



Outages of 

Bus 

line (2-4) 

line (5-6) 

Transformer (9-6) 

Gen-2 

No. 

v™ 

yuf 

e 1 ' 

yPT 

yDF 

e 1 ' 

v PF 

-yUF- 

e 1 ' 

~yFF~ 

v m '~ 


1 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

2 

1.045 

1.039 

0.006 

1.045 

1.045 

0.000 

1.045 

1.045 

0.000 

1.032 

1.022 

0.010 

3 

1.066 

1.055 

0.011 

1.066 

1.069 

0.003 

1.070 

1.073 

0.003 

1.076 

1.050 

0.026 

4 

0.966 

0.973 

0.007 

1.010 

1.010 

0.000 

1.010 

1.009 

0.001 

1.021 

0.988 

0.023 

■a 

1.090 

1.074 

0.016 

1.090 

1.115 

0.025 

1.090 


0.008 

1.090 

1.070 

0.020 

■a 




1.039 

1.063 

0.024 

1.068 

1.072 

0.004 

1.064 

1.043 

0.021 

7 

1.047 

1.040 

0.007 

1.038 





0.006 

1.058 

1.035 

0.023 

_____ 

1.017 

1.016 



1.029 

0.004 

1.026 

1.029 

0.003 

1.027 

1.011 

0.016 

■El 

1.008 

1.009 


ililSl 

1.024 




0.003 

1.023 

1.005 

0.018 

■El 

1.042 

1.034 

0.008 

1.035 

1.051 

0.016 

1.049 

mm 

0.007 

1.053 

1.030 

0.023 

11 





1.056 

BUM 

1.055 

1.060 

0.005 

1.061 

1.036 

0.025 

■a 


1.040 

0.011 

1.050 

1.055 

BiliitBl 

1.055 

1.059 

0.004 

1.061 

1.035 

0.026 

■a 




1.044 



1.049 

1.054 

0.005 

1.055 

1.030 

0.025 

aa 

1.028 

1.019 

0.009 

1.023 

1.035 

0.012 

1.034 

1.040 

0.006 

1.039 

1.015 

0.024 


Table 3.10: 14-bus system- Post-outage reactive power output of sources 



Outages of 

Bus 

line (2-4) 

line (5-6) 

Transformer (9-6) 

Gen-2 

No. 


~~Q m n 

Q p * 



Q ut 


Q u * 

1 

-0.1080 

0.0056 

-0.1517 

0.0009 

-0.1556 

-0.1611 

0.0438 

0.2289 


0.2642 

EiBI 

■ tf»i 


0.3453 


0.0000 

0.0000 


0.2401 




0.1769 


0.2271 

0.1894 


0.4000 



HWliKgl 

0.2201 


0.3196 

0.1984 


0.2147 




0.1352 ^ 


0.1797 

0.1620 
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(4) a generator at bus-2 whose real power generation was 40 MW and reactive power 
generation was 50 MVAR in the pre-outage condition. 

The post-outage bus voltage magnitudes for all these cases, calculated by the distri- 
bution factors method and the load flow method are given in Table 3.11 and the reactive 
power output of sources in Table 3.12. 

1 able 3.11 shows that maximum errors in bus voltage magnitude for the above four 
outage cases are 0.062 pu, 0.003 pu, 0.058 pu, 0.034 pu, respectively. From Table 3.12, it 
can be seen that maximum errors in reactive power output of sources are relatively higher 
in all the contingency cases. 

3.5.3 75-bus UPSEB System 

75-bus UPSEB system consists of 114 lines (400 kV and 220 kV), 32 transformers (includ- 
ing 15 generating transformers) and 15 generators. Outage of a generating transformer 
is same as outage of the generating unit. For this system, the results of only two outage 
cases have been presented in Table 3.13 and 3.14 corresponding to the, 

(1) outage of a line between bus-41 (Singrauli) and bus-42 (Rihand-STS), whose pre- 
outage real power flow (P41-42 = 445.90 MW) was the largest amongst all the 
transmission lines and 

(2) outage of a 400 kV line between bus-41 and bus-35 (Anpara), whose reactive power 
flow (Q 41 _ 35 = 105.7 MVAR and Q 35-41 = -H3-0 MVAR) was the largest amongst 
all the transmission lines. The real power flow in this line was 184.0 MW. 

Table 3.13 shows that the maximum bus voltage magnitude error is 0.024 pu at bus-6 
in the case of line (41-42) outage and it is only 0.011 pu at bus-15 in the case of line (41- 
35) outage. The reactive power output of the sources, calculated by distribution factors 
method and load flow method, are given in Table 3.14. 


3.5.4 Change in the System Loading 

Further, it was felt worth exploring the accuracy of predicting post-outage states for 
change in the system loading using the same distribution factors computed at a base 
loading. A typical case pertaining to the outage of line (2-4) in IEEE 14-bus system has 
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Table 3. IT. 30-bus system— Post-outage bus voltage magnitudes 



Outages of 

Bus 

line (2-5) 

line (5-12) 

Transformer (10-28) 

Gen-2 

No. 

yr* 

yut 



yUK- 

t 

yPV~ 

-yUF- 


~y Fr 

yvr 


1 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

1.060 

1.060 

0.000 

2 

1.040 

1.037 

0.003 

1.043 

1.043 

0.000 

1.044 

1.044 

0.000 

1.021 

1.012 

0.009 


IflBBBl 

lili 

0.005 


■filiVi 



1.008 

0.002 

1.010 


0.030 

4 

lili 


0.007 


BH 

0.003 

1.082 

1.084 


iilMti 

llifcCT 

0.028 

5 

EEEB 


liliEEi 

Hlfil 

lEffl 

eeeb 


liiliKi 

EMU 

HEBl 

E 

0.022 

6 



iiBHEi 


HU 



liil 

El 

lUilrii 

pH 

0.030 

■H 

1.010 

1.020 

0.010 

1.039 


IiHiTiVJ 

1.039 


EMU 



0.027 

■a 

0.994 

1.004 

0.010 

1.023 

1.021 

0.002 

1.024 

1.027 

jifpl 

1.020 

0.992 

0.028 

9 


§gi£B 

0.004 




1.045 


■tunsl 



0.027 

HI 


pn 





1.035 

WKHl 

0.056 

1.074 

1.045 

0.029 

ua 

0.989 

■tIBBBi 


1.014 

1.012 

0.002 

1.012 

hbb 

0.002 

1.007 

0.987 

0.020 

12 

0.937 

iiiilrli 

0.037 




1.001 

imm 

0.000 

0.994 

0.971 

bb 

HI 

0.979 

0.991 

0.012 

1.009 

1.007 

0.002 

1.008 

■KlIlBi 

0.001 

1.004 

0.981 

EEEB 

HI 

1.007 

1.012 


1.030 

1.028 

0.002 

1.030 

wmm 

0.004 

1.028 

1.000 

eeeb 



1.007 

ui 

1.026 

1.023 

0.003 

1.023 

11 

0.007 

iltfcfcl 


eeeb 

16 


HilBl 

UlMllrJS 

HU 



HU 

Hsa 

0.003 

bb 


iiilfefci 

■a 


n 

0.009 

ijilEl 



Hsa 

nm 

0.003 



EEEB 

Hi 

EESS 

m 

0.005 

1.013 

1.010 

0.003 

Hiil 

1.017 

0.006 

heb 



■a 

masn 

0.986 





Ha 


0.005 

HEB 



— 


0.991 

0.008 

Will 

HQB 


1.011 

■itlfci 

0.004 

hub 


0.028 

HI 

0.985 






ITtiEl 

mia 

0.006 

ii>wi 


0.028 



0.996 

0.009 

1.016 

KSZQI 


■ESI 

wm 

0.007 

1.012 


EEEB 

23 

0.993 




Hlkfl 


lifflEI 

um 

iim 

wnrni 


tiEEB 

24 



iii 

H23I 


HQB 

j| 

■ mam 

El 

hub 


Miks! 



1.030 


hem 

III 3 

eeeb 

BliHi 

HUB 

EEH1 


1.018 


26 

1.002 

1.013 

0.011 

1.033 

nm 

ebb 

EEEB 

1.044 

lisa 

heb 

■nECTl 

EEEB 

27 

1.001 

1.010 

0.009 

1.022 

1.021 

0.001 

hehi 

1.022 


hsb 

HE9 

Egaa 


EMU 

0.992 

EMEI 

1.011 

■amfel 

0.002 

1.010 

1.009 

mss 

heb 

EE HI 



warn 

1.038 


1.059 

HSi 

0.002 

1.015 

iilYSl 


heb 

HU 

0.034 

HI 

1.015 

1.027 

0.012 

1.048 



1.004 

heb 

EEEB 

1.044 

1.010 

0.034 
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Table 3.12. 30-bus system- Post-outage reactive power output of sources 



Outages of 

Bus 

line 

(2-5) 

line (5-12) 

Transformer (10-28) 

Gen-2 

No. 


Q Uh 

Q PF 

Q 1 ^ 

~Q ff ~ 

Q D " 

~Q Fir ~ 

Q 1 * 

1 

0.0331 

0.0493 

-0.1320 

-0.1282 

-0.1378 

-0.1452 

0.2028 

0.4691 

2 

0.5000 

6.5548 

0.5000 

0.5000 

0.5000 

0.5001 

0.0000 

0.0000 

3 

0.4000 

0.1991 

0.2467 

0.1988 

0.2568 

0.1989 

0.3637 

0.1991 

4 

0.2400 

0.2279 

0.2325 

0.2280 

0.2341 

0.2280 

0.2400 

0.2279 

5 

0.4000 

6.4278 

0.3171 

0.4906 

0.3769 

0.3625 

0.4000 

0.3622 

6 

0.2400 

0.1943 

0.1992 

0.1944 

0.1965 

0.1944 

0.2197 

0.1943 


been presented. The increase in system loading was restricted to 25% because load flow 
did not converge for higher than 125% of base case loading. However, loading has been 
decreased up to 50% from their base values. The real and reactive power loading were 
changed in same ratio, at all the buses, simultaneously, to simulate the above conditions. 
The comparison of voltage predicted using the proposed distribution factors and the full 
AC load flow method for 125%, 115% and 50% of the base loading are given in Table 
3.15. The voltage magnitudes (V DF2 ) obtained by the distribution factors presented 
in references [118, 138] based on only reactive power flow in the line or reactive power 
generation of sources are also presented in Table 3.15 for the same loading (150%, 115% 
and 50% of the base case) and line outage (i.e. line between bus-2 and 4). 

It can be observed from this table that the maximum errors with the proposed method 
are 0.126 pu, 0.061 pu and 0.005 pu for the three loading cases and with the distribution 
factors proposed in references [118, 138] are 0.249, 0.131, 0.039 pu, respectively. This 
reveals that the proposed sets of distribution factors are more accurate than those sug- 
gested in references [118,138]. The accuracy, however, decreases for increase in loading. 
Since the distribution factors are able to predict voltages with almost same accuracy for 
load variation by —50% to +15% around the operating point at which they have been 
computed, they need not be recomputed for change in the system loading in this range. 

3.5.5 Solution Time 

Prom the results presented in previous sections and Chapter 2, it can be observed that 
the proposed distribution factors are able to predict post-outage voltages with slightly 
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fable 3.13: 75-bus system- Post-outage bus voltage magnitudes 



Outages of 

Bus 

line (41-42) 

line (35-41) 

No. 

yrv 

yDF 

r 

yPF 

~yur~ 

e 1 ' 

1 

1.030 

1.030 

0.000 

1.030 

1.030 

0.000 

2 

1.033 

1.044 

0.011 

1.042 

1.042 

0.000 

3 

1.022 

1.032 

0.010 

1.030 

1.030 

0.000 

4 

1.058 

1.052 

0.006 

1.049 

1.049 

0.000 

5 

1.067 

1.054 

0.013 

1.050 

1.050 

0.000 

6 

1.070 

1.054 

0.024 

1.050 

1.050 

0.000 

7 

1.074 

1.054 

0.020 

1.050 

1.050 

0.000 

8 

1.041 

1.040 

0.001 

1.039 

1.037 

0.002 

9 

1.071 

1.050 

0.021 

1.050 

1.048 

0.002 

10 

1.020 

1.022 

0.002 

1.020 

1.020 

0.000 

11 

1.042 

1.021 

0.020 

1.020 

1.019 

0.001 

12 

1.046 

1.050 

0.004 

1.050 

1.051 

0.001 

13 

1.050 

1.050 

0.000 

1.050 

1.051 

0.001 

14 

1.052 

1.034 

0.018 

1.030 

1.020 

0.000 

15 

1.010 



iBlHll 


0.011 

16 

1.009 

1.020 

0.011 

IBB 


0.000 

17 

1.019 

1.025 

0.006 


1.024 

0.002 

18 

1.000 

1.011 


EH 

EEH 

0.001 

19 

0.987 

0.995 

1 




20 

0.990 

0.989 


iiMH 

Bgj 


21 

1.016 

■Will 

IiiiMh: 

iHH 


0.000 

22 

1.020 


Iililiil 

rom 

1 

0.000 

23 

1.000 

1.010 

HQ |! 



0.003 

24 

0.992 



USUI 


0.000 

25 

1.012 

1.009 

0.003 



EBI 

26 

0.977 

0.990 

0.013 

0.988 

a 

EH 

27 

0.977 

0.990 



ibi 

EH 

28 

1.022 


HI 

iifip 

1.012 

m 

29 

1.027 

1.025 

—a 

BliEM 

1.021 

EH 

30 

1.019 



1.010 

1.010 

EH 

31 

1.053 

1.041 

0.011 

1.037 

1.037 

EH 

32 

1.052 

1.040 

0.012 

1.036 


EH 

33 

1.053 

1.042 

0.011 

1.037 

1.038 

(229 

34 

1.010 

1.009 

o.ooi 

1.008 

1.006 

0.002 

35 

1.028 

1.032 

0.004 

1.025 

1.030 

0.005 

36 

0.986 

0.994 

0.008 

0.993 

liEESH 

0.000 

37 

0.965 

0.974 

0.009 

0.973 

piai 

0.000 


Contd. . . . 
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66 


Outages of 


line (41-42) line (35-41) 


1.036 0.003 1.032 I 1.032 I 0.000 


0.011 


41 1.029 


1.038 I 1.038 I 0.000 





1.030 


1.017 


1.030 | 0.001 I 1.031 


1.017 0.000 


0.007 


1.027 | 0.00£ 
01 


wra iiiii^ii iggiiTiTriiiiikWJi«iiya inniM| 


48 0.989 


0.967 0.012 0.966 ] 0.965 


0.984 0.981 


0.966 I 0.978 I 0.012 I 0.975 I 0.976 


■ECTHfiTEliiliif PliliMMimiBBlilltil 

MBHIlKRSaiHIHHHHi 


0.998 

0.985 

1.010 

0.997 

0.998 

0.999 


0.991 


1.009 


1.020 


0.988 


0.969 


1.007 


0.976 


1.000 


55 0.993 0.988 [ 0.005 [ 0.989 


56 1.021 1.014 0.007 


57 1.008 1.001 0.007 

58 1.010 1.002 0.008 


59 | 1.010 1 1.003 0.0 


6 


■swwiCTin iiiEna BM 


0.001 


0.001 


0.003 


0.001 


0.000 


0.000 


0.002 


0.004 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


66 0.979 


0.000 


UM BMMMI 
MlBB USI liHiB 

, _ .... ' I 


0.997 | 0.995 


n&myHI 


0.947 


0.989 | 0.989 


0.988 


0.991 


1.029 1.025 


1,007 1.009 
1.023 1.024 
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Table 3.14: 75-bus system- Post-outage reactive power output of sources 



Outages of 

Bus 

line (41-42) 

line (35-41) 

No. 



QTF- 


1 

1.5800 

0.3740 

0.4176 

0.4715 

2 

0.9600 

0.9600 

0.9600 

0.9600 

3 

0.8300 

0.7781 

0.5681 

0.7781 

4 

0.5894 

0.6000 

0.3749 

0.6000 

5 

0.2643 

0.2744 

0.1444 

0.2744 

6 

0.1470 

0.1528 

0.0911 

0.1528 

7 

0.1195 

0.1072 

0.0393 

0.1072 

8 

0.6800 1 

0.6800 

0.6441 

0.6800 

9 

2.0749 

1.0876 

1.3451 

1.0876 

10 

0.5600 

0.4123 

0.2288 

0.4123 

11 

0.9438 

0.6869 

0.5431 

0.6861 

12 

3.4400 

2.8539 

2.3784 

2.8539 

13 

1.0420 

1.3843 

1.2270 

1.3842 

14 

0.4512 

0.5087 

0.0761 

0.5081 

15 

-0.300 

-0.300 

-0.300 

-0.300 


Table 3.15: 14-bus system- Bus voltages for different loading 


Bus 

1.25 pu 

1.15 pu 

0.50 pu 

mr-j r I TTTT T 


No. 

-yFF~ 

yVF 

yut 7“ 

yFF 

V UF 

yv* 2 


yur 

yur 2 

1 

1.060 

1.060 

1.060 

1.060 

1.060 

1.060 

1.060 

1.060 

1.060 

2 

1.016 

1.027 

1.052 

1.036 

1.035 

1.049 

1.045 

1.044 

1.036 

3 

0.969 

1.030 

1.081 

1.023 

1.046 

1.075 

1.070 

1.065 

1.048 

4 

0.825 

0.951 

1.074 

0.902 

0.963 

1.033 

1.010 

1.010 

0.971 

5 

0.999 

1.065 

1.120 

1.053 

1.069 

1.100 

1.090 

1.085 

1.066 

6 

0.957 

1.025 

1.082 

1.013 

1.036 

1.069 

1.076 

1.073 

1.054 

7 1 

0.940 

1.0101 

1.069 

1.000 

1.02o 

1.059 

1.077 

1.073 

1 .053 

8 

0.944 

0.995 

1.069 

0.986 

1.007 

1.033 

1.040 

1.038 

1.023 

-1 A1 <7 

9 

0.922 

0.986 

1.041 

0.970 

0.998 

1.030 

1.036 

1 .035 

1.017 

10 

0.934 

1.003 

1.042 

0.994 

1.020 

1.053 

1.072 

1.068 

1.048 

11 

0.946 

1.012 

1.067 

1.004 

1.029 

1.060 

1.069 

1 .065 

1.046 

1 A A A 

12 

0.948 

1.010 

1.063 

1.005 

1.028 

1.058 

1.064 

1.059 

1 .042 

1 A A A 

13 

0.940 

1.003 

1.057 

0.998 

1.022 

1.052 

1.062 

1.057 

1.040 

-1 AO O 

14 

0.914 

0.983 

1.041 

0.977 

| 1.002 | 1.035 

1.062 

1.057 

1 .038 
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Table 3.16: Comparison of CPU time (in seconds) 


System 

Linearized load flow 
method (version A 3 ) 

Distribution factors method 

Calculation of DFs 

Post-outage Calculation 

14-bus 

2.76 

0.39 

0.12 

30-bus 

13.33 

1.57 

0.23 

75-bus 

199.68 

32.70 

0.61 


less accuracy as compared to the linearized load flow models. For example, the maximum 
error in prediction of post-outage voltages in case of severe outage in the three systems is 
6.82% by using the distribution factors whereas this value is 4.97% by using the linearized 
load flows. The CPU time required to compute the post-outage voltages using both the 
methods were recorded on HP 9000/850 computer and have been given in Table 3.16 for 
the three test systems. The CPU time given in this table is the total time required to 
analyze 23, 43 and 104 contingencies in 14-bus, 30-bus and 75-bus systems, respectively. 
Column-3 of Table 3.16 provides the CPU time required to calculate all the eight sets 
of distribution factors at the base operating point for each of the three systems. This 
does not include the time required to run the base load flow. Column-4 shows the total 
CPU time required to determine the post-outage voltages and reactive powers for all the 
contingencies in the three systems using the already computed distribution factors. From 
Table 3.16, it can be seen that the proposed distribution factors method takes considerably 
less CPU time as compared to the linearized load flow models. 

3.6 Conclusions 

In this Chapter, new sets of voltage and reactive power distribution factors, for both 
line and generator outages have been developed and computed by utilizing the network 
sensitivity. The distribution factors can be pre-calculated at a base operating point and 
can be stored for the use in outage analysis. The contingency studies conducted on the 
three samples systems reveal that 

(i) The prediction of the post-outage bus voltages using the new distribution factors axe 
quite accurate and provides the results with a maximum error of 3.23% in IEEE 14- 
bus system, 6.82% in IEEE 30-bus system and 2.24% in the UPSEB 75-bus system 
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for outage of heavily loaded lines. However, with the use of distribution factors, the 
error in predicting the reactive power output of sources is slightly higher. 

(ii) Since the distribution factors are obtained directly from a base load flow result, 
without involving any additional load flow for simulation of outages, its calculation 
and updating is quite fast and can be applied to on-line monitoring of voltage 
security of the system at control centers. 

(iii) The set of distribution factors computed at a base loading accurately predicts the 
post-outage voltages of the system even for small change in system loading. Thus, 
they need not be recomputed for small deviation in the loading. This will further 
reduce the computational time for the voltage contingency analysis. 

(iv) The proposed distribution factors defined with respect to both pre-outage real and 
reactive powers of the elements, predict the post-outage voltages of the system more 
accurately than the distribution factors proposed in references [118,138] defined in 
terms of only reactive powers under different loading conditions. 

(v) The proposed distribution factors computes the bus voltages with slightly less ac- 
curacy as compared to the linearized load flow models suggested in Chapter 2. 
However, the post-outage calculations using distribution factors are much faster as 
compared to the linearized load flows. 



Chapter 4 


Contingency Selection Algorithm 
for Volt age /Reactive Power 
Security Analysis 


4.1 Introduction 

Contingency selection is carried out for quickly identifying those contingencies which may 
cause out-of-limit violations so as to reduce the number of. contingencies that need to be 
analyzed by full AC load flow while assessing the power system’s security. Two popularly 
used methods for contingency selection are: ranking methods and screening methods. 

Ranking methods involve ranking of contingencies in approximate order of severity. 
Contingencies are ranked based on the value of a scalar performance index (PI) which 
measures the system stress in some manner. For example, contingencies could be ranked 
for voltage problems using a PI defined as the sum of the squared voltage deviations [18,24] 
from their specified values. Several PI based methods have been suggested and tested for 
voltage security analysis [18,36,75,82]. In ranking method, the performance indices are 
explicitly expressed in terms of network variables and are directly evaluated. It does 
not require computation of post-outage quantities, which are evaluated in the screening 
methods by using some approximate solution approach. 

Screening methods use approximate network solutions to identify cases causing limit 
violations. The network monitored quantities are first calculated for all the contingencies. 
Ranking is done based on the results of the approximate solutions. Some of the methods 
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used to find approximate solution along with screening methods are the distribution fac- 
tors [38,118], DC load flow [64], linearized load flow, one iteration of AC load flow [30], 
local solution methods [20,80] etc. 

Most of the work on contingency selection algorithm utilizes the second order perfor- 
mance indices which, in general, suffers from masking and misranking effects. Some of 
the efforts in reducing these effects include the works of Halpin et al. [39] and Schafer et 
al. [90]. The method suggested in reference [39] uses an optimization technique based on 
probabilistic approach to compute threshold value of PI to capture critical contingencies 
and optimal weights of the second order performance index. 

In this Chapter, various existing performance indices for Voltage/ Reactive power con- 
tingency selection have been critically examined. A new method for optimal selection of 
weights have been suggested along with higher order performance indices which eliminates 
misranking and masking effects. The distribution factors calculated in Chapter 3 have 
been utilized to compute post-contingency quantities (voltage magnitudes and reactive 
power output of sources). The proposed algorithm have been tested on IEEE 14-bus, 
IEEE 30-bus and 75-bus UPSEB systems. 


4.2 Existing Voltage and Reactive Power Perfor- 
mance Indices 


Ejebe et al. [18] suggested in 1979 the use of performance indices for ranking of contin- 
gencies according to their relative severities for both line and voltage security analysis. 
Various modified versions of ranking methods for voltage contingency selection have been 
suggested by Lauby et al. [36], Albuyeh et al. [28], Medicherla et al. [30] and Wasley et 
al. [32]. The performance indices, in general form, can be written as 


PI 




2 n 


(4.1) 


where fi(z) is a linear function of m which denotes the changes in bus voltage magnitudes 
or generator bus injections with respect to their ratings etc. The order of the above 

performance index in 2 n. 

A brief description of some of the existing methods and performance indices used for 
voltage and reactive power contingency selection are presented below. 
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Method-1 


The Tellegan theorem together with the adjoint network concept has been used by Ejebe 
and Wollenberg [18] to derive the sensitivity of a voltage performance index with respect 
to contingencies. The voltage performance index was defined as 



where 


AV$ 

&V hm = 
K ’ 


Oti 

V x *v 


v % - v; v 

ymax _ymtn 

_i t 

2 

post-outage bus voltage magnitude at bus-i 
user selected weighting factor (usually taken as 1) 
specified (rated) voltage magnitude at bus-i. 


The reactive power performance index was defined as 

Nq / \ 2 



where 

Q Gl — post-outage reactive power produced at bus-i 
Qmax _ maximum reactive power production limit at bus-t. 


(4.3) 


Method-2 


This method, suggested by Albuyeh et al. [28], utilizes the first iteration of an AC load 
flow to compute the following performance indices for each contingency. 

IK - K'“! (4.4) 


and 


pi’=T, „ 

t esi v * 


p rq _ V' W l^ Gl Qch\ 
rl ~ L-i Qhm 


(4.5) 


t€S 2 


where 


V. Kn 


Qa? 


r ymax *£ V t \ rmax 

h V™ n if Vi<V t min 
Q%r if Qg, > Qg" 
Q%! n if Qgx < Qg? 
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Si is the set of all buses at which bus voltage security limits are violated and S 2 is the 
set of (source) buses at which the MVAR generation security limits are violated. W vl and 
W qt are the voltage and MVAR weighting factors for bus-t. 

Method-3 

Medicherla et al. [30] suggested a method which uses the load curtailment concept to 
achieve the pre-contingency voltage level. The voltage performance index using this con- 
cept has been defined as 

where Pu is the MW load at bus-z (assumed constant), the MVAR load at bus- 
i (assumed constant), V° the pre-contingency voltage magnitude at bus-z and AV t the 
change in the voltage magnitude at bus-z caused by a contingency. The performance 
index has been computed utilizing approximate network solution obtained from the first 
iteration of feist decoupled load flow for each contingency. 

Method-4 

This method, suggested by Wasley et al. [32], simulates each contingency by the first 
iteration of an AC load flow. The performance indices have been defined as 

PI V = W vt AVi 2 (4.7) 

*€5i 

and 

PF = £ W gi AQ 2 (4-8) 

i€S 2 

where AV t = (AV t nom /AV t hm ) - 1 is the distance of the operating point from the nearest 
boundary of violated bus voltage security region and 

/s^nom __ y ynom 

' ynom = ^ymax ymtn^ 2 

AVf tm = — V i mm )/2 

AQi = (AQ™ m /AQi m ) — 1 is the distance from the nearest boundary of the violated 
bus MVAR generation security region and 
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AQ™ 

Qnom 

AQ 


hm 


Qi - Q: om 
{Q? ax + Q ? m )/ 2 
0 QT ax - QT m )!2 


Method-5 


In this method, proposed by Lauby et al. [36], the post-contingency line MW (real power) 
flows are computed by DC load flow and these are used to compute the following perfor- 
mance index for each contingency. 


pi v 



(4.9) 


where 

Wi = circuit weighting factor ( 1 or 0) 

Xi = reactance of circuit-/ 

Pi = real power flow on circuit-/ 

P oi and P 0j are non-linear function of A Q t and A Q 3 , respectively where i and j are 
the sending end and receiving end buses of line-/ and 


■?v /-» Eshi . X-i _ 

aC?i = ^ + E^ 0i 


B. 


s hi 


AQ } = -^ + 


Xi 


2 Ekes.Xk 


Q, 


(4.10) 

(4.11) 


B m is the charging susceptance of line-/, S t the set of all lines connected at the bus-t and 
Sj the set of all lines connected at bus-j. Q t is the net maximum reactive power injection 

at bus-i. 


Qx = (<3 a en)max + $ shunt cap. ” ^load ^ shunt reactors 


(4.12) 


Method-6 


Lo et al. [75] suggested a method to compute the bus voltage change by modifying the 
reactance matrix for each contingency. The voltage performance index was defined as 

pi v = jrw vi 

i=l 


{v t °+Av t -vr m ) 


ymas_ymtn 

2 


(4.13) 
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where 

AK 

X» 

X k 

v t ° 

Ik 


h for hn e-k outage 

element of bus reactance matrix [ X ] (=[B] _1 ) 
reactance of line- it 
base case voltage at bus-i 
pre-outage current in lin e-k 


Method-7 

This method, suggested by Nara et al. [43], defines a voltage performance index which 
considers two types of limits of voltages for each bus-i. 

Alarm limits : V t amax and V? mm 

Security limits : V t max and V™ 


The performance index has been defined as 

N / Jmax \ ^ N / Jmm \ ^ 

«•-£$=) 


where 


Jmax 

u % 


d mtn 


yr n om 


/v,-v t ama *\ 

l ynom J 

< 

if v, > v t amax 

0 

other wise 

r ( V amtn —V t \ 
l ynom J 

\ t / 

if y t < v t amtn 

< 


o 

other wise 

(ymax yamax'jjynom 

^yamtn _ yrntn^ynom 
(ymax _|_ yminy2 


(4.14) 


Method-8 


The change in bus voltage magnitudes, as suggested by Dabbaghchi et al. [46], have been 
computed by using coefficient matrices of the fast decoupled load flow method. The 
voltage performance index for each contingency has been defined as 


pr 


N 

E 

1=1 


(V° + AVi-V t n ° m ) 


ymas^ymtn 


(4.15) 


where AV f is the change in bos voltage magnitude at bos-i in the event of contingency 
and has been calculated using FDLF equations. 
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Method-9 

The performance index for a contingency case has been formulated by Chen et al. [82] in 
such a way that detailed knowledge of post-contingency voltage is not required. The PI 
for post-contingency voltage change has been defined as 


u W 


i=l 


{v° + av , - v t nom ) 

ymax^ymtn 


1 2 


(4.16) 


The change in PI due to outage from base-case has been computed as 


N 


API = PI- Pi" = £[ft&y, + 7 ,ak 2 ] 


(4.17) 


1 = 1 


where 8, and 7 , are the constants and AT] is calculated using FDLF equations. 


Method-10 


This method, proposed by Schafer et al. [90], uses the following extended definition of the 

PI based on a vector norm formulation. 

1 


PF = 


' N AV 

£w.l AK 

L«=l 


AV” 


(4.18) 


where m is the exponent of PI and has been taken as large value ( m = 20) in order to 
avoid the masking effect. 


4.3 Proposed Voltage and Reactive Power Perfor- 
mance Indices 


Two sets of performance indices have been considered, in the present work, to measure 


the relative severity of contingencies in terms of their effect on voltage levels and reactive 
power output of the sources. The voltage performance index (P/ 17 ), chosen to quantify 
system deficiency to out-of-limit-bus voltages, is defined as 



where V % and V % sv are the post-outage voltage magnitude and specified (rated) voltage 
magnitude, respectively at bus-i, n is the exponent of the function and N is the total 
number of buses in the system. W vt is the weighting factor and 
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lim 


Umax T/mm 


2 


(4.20) 


Any contingency case with voltage levels outside the limit yields a high value of PI V . 
On the other hand, when all voltages are within the limit, the voltage performance index 
PI V is small. Thus, this index measures the severity of the out-of-limit bus voltages, and 
for a set of contingencies, this index provides a direct means of comparing the relative 
severity of the different outages. 

Since the bus voltage levels depend mainly on reactive power flows and, therefore, on 
the reactive power production of the generators and other power sources, the reactive 
power output of sources can also be used as the measure of voltage contingency selection. 
In view of this, a reactive power performance index (PI 9 ) has been defined 

p „ &W r ( (Q & -Qg) \ 

S In l AQiT ) 



where 

A(3 g : = wsr - or) (4.22) 

Qgi is the reactive power output of the source-?. N q is the total number of reactive power 
sources and n the exponent of the function, and 

n3P _ mr ± QK1 (4.23) 

Oar - 2 

In the above expressions Q%* and Q% n are the maximum and minimum reactive power 
output limits of the source-?. The contingency, in which the reactive power generation of 
the sources deviate from the specified values, results in greater value of PI 9 . 

The exponent n in the definition of the two performance indices PI V and PI 9 , given 
by equations (4.19) and (4.21), have been varied from 1 to 10 to explore its desired value 
or the order of the performance indices, which minimizes the masking effect. In order to 
eliminate the misranking effects , the proper selection of weights is required. A simple and 
efficient scheme has been suggested in this Chapter, which is described in section 4.4. 


4.4 Calculation of Optimal Weights 

The misranking of contingencies are mainly caused due to the inaccuracies in comput- 
ing post-contingency states of the system [18,118]. In the proposed contingency selec- 
tion method, distribution factors as described in Chapter 3, have been used to calculate 
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the post-contingency states of the system. The proper selection of weights in PI based 
methods is very important in eliminating the misranking effect [39]. Some approximate 
guidelines for selecting the weights are reviewed in references [39,118]. However, a proper 
attempt has only been mode by Halpin et al. [39] who used an optimization technique 
to compute the weights. Their method maximizes the capture rate and minimizes false 
alarm rate, both formulated as probabilistic functions. The method, in general, is com- 
plex and difficult to be adopted by utilities. Hence, a simple approach has been proposed 
in this section, for optimal selection of weights. It is based on the concept of tuning the 
weights (with their minimum possible values) such that the relative severity of contin- 
gencies predicted along with the approximate distribution factors (DFs) method matches 
with the full AC power flow (PF) method. The method utilizes minimization of an ob- 
jective function defined as the sum of the square of weights in the performance index, 
i.e. 


Minimize ^ Wf (4. 24) 

t 

subject to the constraints, 

PF df > PP DF > . . . > PF df p, q , ..., r € N‘ c (4.25) 

and 


PI r DF > PP DF i € N r c 


(4.26) 


where A r c c are the critical contingencies in which the limit violations exist and A™ c are the 
non-critical contingencies. The p,q,...,r th contingencies have been arranged in equation 
(4.25) according to their severity order as determined by the performance indices ( PI FF ) 
calculated using AC load flow method. The performance index for k th contingency using 
distribution factors method (Pip F ) can be written as 

i = 2,...,N for PI V DF 

PI k DF = E « 


(4.27) 


i = l,...,JV 9 for PI q DF 
The coefficient A kt in the above equation can be defined from equations (4.19) and (4.21) 
for a selected value of n as 


— f° r voltage PI 




2 n\ AVf 
1 ( QgiJc ~ Qgi \ 


(4.28) 


2n 


2n V A Q& ) 


for reactive power PI 


(4.29) 
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Figure 4.1: Classification of contingencies 


The above equations form a standard non-linear constrained optimization problem. The 
optimal values of weights can be computed off-line at base operating point by solving 
the above optimization problem (equations (4.24) to (4.26)) for both voltage and reactive 
power performance indices. These values of optimal weights, then, can be used for different 
system loading provided it meets the required level of capture rate (CR) and false alarm 
rate (FR). 

Capture rate (CR) and False- Alarm rate (FR) 

To define the capture rate and false-alarm rate, the contingencies must be first classified 
as active (one which yields out-of-limit condition) or inactive ( which yields no out-of- 
limit condition). The decision as to if a contingency is critical or non-critical is based on 
the value of PI and its value relative to some threshold value Pith • The classification of 
contingencies are given in Fig. 4.1. From Fig. 4.1, there are two possible misclassification 
which can be made. 

Miss : classifying an active contingency as being non-critical. 

False- Alarm : classifying an inactive contingency as being critical. 

Currently, the contingency selection algorithms are judged in terms of their capture 
rate (CR) [39] which is defined as 
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N 

CR = 1 - — 2- 

Nnc 


(4.30) 


whore N m is the number of misses out of the iV- the non-critical contingencies. However, 
by using only CR to gauge the performance of the algorithms, one does not get the full 
picture since a threshold PI th can be selected for CR = 1. Therefore, to complete the 
assessment one needs to evaluate the false-alarm rate (FR), defined as 


where Nf a is the number of false-alarm out of declared critical contingencies. 

The desired value of CR and FR are one and zero, respectively. But due to inaccurate 
model used, for CR = 1, the value of FR may not be zero. 


4.5 Results and Discussions 

The effectiveness of the proposed contingency selection procedure has been tested on IEEE 
14-bus, IEEE 30-bus and a practical 75-bus systems as described in Appendices-B, C and 
D, respectively. The maximum limit on bus voltages for the 14- bus and 30-bus systems 
was considered as 1.10 pu. The lower limit of bus voltages were purposely raised from 
0.90 pu to 1.0 pu for IEEE 14-bus system and from 0.90 pu to 0.98 pu for IEEE 30-bus 
system to test the effectiveness of the proposed algorithm. The lower and upper limits of 
bus voltages for 75-bus system were considered as 0.95 pu and 1.07 pu, respectively. The 
specified voltage (l/ sp ) on the load buses were taken as average of maximum and minimum 
voltage limits of that bus. However, the specified voltage of generator buses were taken 
same as given in Appendices-B, C and D for the three systems. The specified values of 
reactive power generation were taken as the average of their maximum and minimum limit 
values. A successive quadratic programming (SQP) was used to solve the optimization 
problem. The results for the three test systems are given below : 

4.5.1 IEEE 14-bus System 

For this system, all the single line outages and single generator (except slack) outages 
have been considered. Thus, a total of 23 contingency cases (19 branch outages and 4 
generator outages) were analyzed. The outage of line (6-5) has not been considered as 
it is same as the outage of generator-5, already considered in the contingency list. The 
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performance indices have been computed using the network solutions obtained from both 
the distribution factors described in Chapter 3 and an exact load flow (Newton- Raphson) 
method. 

1 he voltage performance index ( PI V ) have been computed for each contingency using 
equation (4.19) and are presented in Table 4.1 and Table 4.2 for different values of ex- 
ponents (n = 1, 2, 5 and 10) using distribution factors and the exact load flow method, 
respectively. The reactive power performance indices (PI 9 ), using distribution factors 
method and exact load flow results have been given in Tables 4.3 and 4.4, respectively. 
All the weights have been considered as unity for calculation of Pis given in above tables. 
It is observed that with second order performance indices, some of the severe contingency 
cases (e.g. contingency cases L-16 and L-17 in Table 4.2) have been ranked lower than 
the less severe contingency cases (e.g. G-3 in Table 4.2). The masking effect has grad- 
ually reduced with the use of higher order performance indices and gets eliminated with 
exponent n > 5. 

However, the values of performance indices computed with the distribution factors 
method and the exact load flow method do not match with each other even with higher 
exponents. They are quite different and provide different ranking to the contingencies. In 
order to eliminate this (misranking) problem, the optimal values of weights of the perfor- 
mance indices, defined in terms of results of the distribution factors method, were obtained 
by solving the equations (4.24) to (4.26). The voltage and reactive power performance in- 
dices have been recomputed using these optimal weights and ranking of contingencies are 
given in Tables 4.5 and 4.6, respectively according to their relative severity. The optimal 
weights associated with voltage and reactive power Pis are presented in Tables 4.7 and 
4.8, respectively. The change in slack bus voltage has not been considered for contingency 
cases and hence, optimal weight associated with slack bus for voltage performance index 
is assumed to be zero. 

The optimal weights computed at a base case operating point can be used for different 
loading of the system. To study this effect, the loading of this system was changed by 
±1 .0%, ±3.0% and ±5.0% from the base value. The voltage based ranking, obtained from 
the performance index using optimal weights computed for the base case and network 
solution obtained for the new loading conditions with the distribution factors method 
(PI V DF ) are given in Table 4 . 5 . The ranking obtained by performance index using network 
solution obtained from the exact load flow method (P Ipp) are also included in the table 
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for comparison. All the weights in performance index calculation, based on exact load 
flow solution, were taken as unity. Only active contingency cases detected from the exact 
load flow method have been listed in the table. However, the list of contingencies against 
the distribution factors method have been truncated in order to capture all the critical 
cases detected by the exact method or to ensure a capture rate of 1.0. From Table 4.f, it 
can be seen that false alarm rate (FR) for increase in loading by 1.0%, 3.0% and 5.0% are 
0.0, 1/7, 13/19, respectively. However, for decrease in loading by 1.0%, 3.0% and 5.0%, 
the bR values are found to be 6/12, 8/14, 15/21, respectively. Thus, for this system 
the optimal weights for voltage performance indices can be effectively used up to ±3.0% 
change in loading. 

The ranking of reactive power indices for different loading, obtained from the distri- 
bution factors method along with optimal weights and exact load flow method (PI q DF and 
P I pp ), are given in Table 4&. Since reactive power output of generators were calculated 
considering their Q-limits ensuring that no violation of reactive power limits take place, 
some threshold value of PIpp were selected to identify the critical contingencies. For the 
14-bus system, it was taken as 1.0 IS — 05 for the PI obtained from the exact load flow 
method. The ranking list of contingencies captured based on the above threshold values 
is given in Table 4£. The loading were changed by ±1.0%, ±3.0% and ±5.0% from their 
base values. It is observed from Table 4.$ that the list of severe contingencies, obtained 
from the performance indices based on optimal weights computed at base case and dis- 
tribution factors, exactly matches with that obtained from the exact load flow method 
except for a load variation by ±5.0%, in which an additional contingency L-7 gets listed 
and for —5.0%, in which contingencies G-4, L-5 & L-7 also get included. Thus, the op- 
timal weights for PIpp computed at base loading can be satisfactorily used even up to 
±5.0% change in loading. 

4.5.2 IEEE 30-bus System 

For this system, 43 contingency cases have been simulated (38 line outages and 5 generator 
outages) considering single line or generator outage at a time. Load flow for outage of 
line (1-2) did not converge and hence, PI corresponding to this line outage have not been 
formed using the exact load flow method. Outage of lines (25-26), (9-6) and (7-4) have 
also not been considered because they result into islanding of the system causing the 
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Table 4.1: 14-bus system- Voltage performance indices using distribution factors 


Outage 

case 

PIdf 

(n = 1) 

E+, C'T 

£? II 

PIdf 

(n = 5) 

PIdf 

(n = 10) 

L- 1 

.35605 + 00 

.34935 - 01 

.25215 - 03 

.26005 - 06 

L- 2 

.42555 + 00 

.37555 - 01 

.19995 - 03 

.13175 - 06 

L- 3 

.32145 + 00 

.30695 - 01 

.17175 - 03 

.11325 - 06 

L — 4 

-1663J5 + 01 

.41415 + 00 

.58765 - 01 

.82365 - 02 

L — 5 

.50555 + 00 

.74125 - 01 

.13535 - 02 

.56685 - 05 

L — 6 

.36435 + 00 

r-H 

O 

t 

o 

o 

CO 

.22175 - 03 

.19375 - 06 

L-7 

.38645 + 00 

.49655 - 01 

.77935 - 03 

.28035 - 05 

L — 8 

.101675 + 01 

.18885 + 00 

.11365 - 01 

.42265 - 03 

L-9 

.12945 + 01 

.29055 + 00 

.22875 - 01 

.13225 - 02 

L- 11 

.731015 + 00 

.13165 + 00 

.59015 - 02 

.13215 - 03 

5 — 12 

.345415 + 00 

.32745 - 01 

.16065 - 03 

.93055 - 07 

5 — 13 

.3123 E + 00 

.26475 - 01 

.11735-03 

.54105 - 07 

5 — 14 

.308415 + 00 

.28015 - 01 

.15075 - 03 

.93905 - 07 

5 — 15 

.320215 + 00 

.27775 - 01 1 

.13245 - 03 

.69675 - 07 

5 — 16 

.396715 + 00 

.37695 - 01 

.19265 - 03 

.11715 - 06 

5 — 17 

.4411 E + 00 

.48945 - 01 

.38105 - 03 

.39875 - 06 

5 — 18 

.321715 + 00 

.27295 - 01 

.13305 - 03 

.71995 - 07 

5 — 19 

.320615 + 00 

.26765 - 01 

.12195-03 

.59285 - 07 

L- 20 

.356115 + 00 

.32655 - 01 

.15645 - 03 

.86555 - 07 

G -2 

.161715 + 01 

.36925 + 00 

.46255 - 01 

.66145 - 02 

G- 3 

.5448 E + 01 

.31615 + 01 

.33815 + 01 

.14315 + 02 

(7-4 

.11285 + 01 

.22475 + 00 

.13975 - 01 

.64135 - 03 

(7-5 

.236715 + 01 

.89685 + 00 

.71215 + 00 

.23125 + 01 
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Table 4.2: 14-bus system- Voltage performance indices using exact load flow 


Outage 

case 

PIpp 

(n = i) 

PIpf 

(n = 2) 

P I PF 

(n = 5) 

PIpf 

(n = 10) 

L - 1 

.4790# + 00 

r-H 

o 

1 

QO 

o 

.2607# - 03 

.2992# - 06 

L- 2 

.4125# + 00 

.4748# - 01 

.4647# - 03 

.8148# - 06 

L- 3 

.3124# + 00 

.2799# - 01 

.1300# - 03 

.6363# - 07 

L- 4 

.5629# + 00 

.1131# + 00 

.4375# - 02 

.4893# - 04 

1/ - 5 

.4044# + 00 

.5173# - 01 

.6428# - 03 

.1274# - 05 

L - 6 

.2678# + 00 

.1543# - 01 

.2068# -04 

.1475# - 08 

L — 7 

.4072# + 00 

.6547# - 01 

.2169# - 02 

.2296# - 04 

L -8 

.4075# + 01 

.2187# + 01 

.3480# + 01 

.2847# + 02 

1-9 

.1064# + 01 

.3218# + 00 

.4347# - 01 

.4630# - 02 

L- 11 

.4598# + 00 

.7557# - 01 

.2043# - 02 

.1694# - 04 

#-12 

.8833# + 00 

.1399# + 00 

.4575# - 02 

.8585# - 04 

# — 13 

.4591# + 00 

.4102# - 01 

.1629# - 03 

.5811# - 07 

X — 14 1 

.3923# + 00 1 

.3586# - 01 

.2124# - 03 

.1841# - 06 

L — 15 

.4398# + 00 

.4014# - Ol” 1 

.1732# - 03 

.7686# - 07 

X — 16 

.1233# + 01 

.4734# + 00 

.1953# + 00 

.1578# + 00 

1-17 

.9465# + 00 

.3731# + 00 

.2263# + 00 

.2558# + 00 

# — 18 

.3478# + 00 

.3000# - 01 

.1554# - 03 

.1002# - 06 

L — 19 

.3282# + 00 

.2715# - 01 

.1228# - 03 

.6010# - 07 

L- 20 

.4451# + 00 

.5677# — 01 

.6620# - 03 

.1341# -05 

G-2 

.4807# + 00 

.6543# - 01 

.1162# - 02 

.4811# -05 

G-3 

.2207# + 01 

.6879# + 00 

.1007# + 00 

.1473# - 01 

G-4 

.4808# + 00 

.5834# - 01 

.7624# - 03 

.2351# -05 

G-5 

.1099# + 01 

.3520# + 00 

.1253# + 00 

.7692# - 01 




CHAPTER 4. CONTINGENCY SELECTION ANALYSIS 


85 


Tabic 4.3: 14-bus system Reactive power performance indices using distribution factors 


Outage 

case 

PI 9 df 

(n = 1) 

PIdf 
( n — 2) 

PIdf 
{ n = 5) 

PIdf 

(n = 10) 

1-1 

.69981 + 00 

.13171 + 00 

.39971 - 02 

.49171 - 04 

L- 2 

.68081 + 00 

.12181 + 00 

.27921 - 02 

+7911 — 04 

L- 3 

.67941 + 00 

.12131 + 00 

.27611 - 02 

.17591 - 04 

L- 4 

.57831 + 00 

.97761 - 01 

.23221 - 02 

.15951 - 04 

L- 5 

.59981 + 00 

.96971 - 01 

.20221 - 02 

.14641 - 04 

L — 6 

.64801 + 00 

.11081 + 00 

.23661 - 02 

.15461 - 04 

1-7 

.66031 + 00 

.11481 + 00 

.25021 - 02 

.16331 - 04 

L- 8 

.11171 + 01 

.49741 + 00 

.36071 + 00 

.64361 + 00 

1-9 

.66311 + 00 

.12831 + 00 

.46271 - 02 

.54961 - 04 

L- 11 

.56771 + 00 

.89111-01 

.19191-02 

.14921 - 04 

■aa 

.68051 + 00 

.12161 + 00 

.27681 - 02 

.17371 - 04 


.68811 + 00 

.12441 + 00 

.29041 - 02 

.18181 - 04 

L -14 

.78361 + 00 

.17661 + 00 

.11841 - 01 

.57591 - 03 

1-15 

.79821 + 00 

.18581 + 00 

.14341 - 01 

.87111-03 

1-16 

.10711 + 01 

.44611 + 00 

.27301 + 00 

.36961 + 00 

1-17 

.68681 + 00 

.12391 + 00 

.28801 - 02 

00 

O 

00 

1 

O 

1 — 18 

.68721 + 00 

.12411 + 00 

.28901 - 02 

.18151 - 04 

1-19 

.68811 + 00 

.12441 + 00 

.29041 - 02 

.18201 - 04 

1-20 

.68591 + 00 

.12361 + 00 

.28671 - 02 

h-* 

00 

O 

rf* 

t*l 

1 

o 

( 7-2 

.33901 + 00 

.62361 - 01 

.17721-02 

.14591 - 04 

■asi 


.40261 - 01 

.43731 - 03 

.71601 - 06 

1 

.54881 + 00 

.91081-01 



BBI 

.45481 + 00 

.80331 - 01 

.20631 - 02 

.15101 - 04 
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Table 4.4: 14-bus system- Reactive power performance indices using exact load flow 


Outage 

case 

P I PF 

(n = 1) 

PIpF 

(n = 2) 

b, ‘O' 
|| 

a, 

PI'PF 
(n = 10) 

L - 1 

.58305 - 01 

.31375 - 02 

.17595 - 05 

.15475-10 

L- 2 

.29625 - 01 

.31955-03 

.34205 - 08 

.57595 - 16 

MM 

.31075 - 02 

.89105 - 05 

.75665 - 12" 

.28625 - 23 

m 

.23555 + 00 

.15485 - 01 

.25805 - 04 

.24715 - 08 

L-5 

.40335 - 01 

.77655 - 03 

.45225 - 07 

.10225 - 13 

L - 6 

.1473 J? + 00 

.18285 - 01 

.14325 - 03 

.10255 - 06 

L- 7 

.12455 + 00 

.39175-02 

.54165 - 06 

.78925 - 12 

L-8 

.10485 + 01 

.35325 + 00 

.11145 + 00 

.58045 - 01 

L- 9 

.6335 £ + 00 

.26465 + 00 

.10785 + 00 

.58085 - 01 

I - 11 

.77115 — 01 

.18675-02 

.13785 - 06" 

.58695 - 13 

5 — 12 

.92165 — 01 

.43165 - 02 

.19345 - 05 

.16075 - 10 

1-13 1 

.7427 E - 01 

.34225 - 02 

.17635 - 05 

.15475 - 10 

5 - 14 

.30555 - 01 

.46975 - 03 

.86915 - 08 

.35125 - 15 

5 — 15 

.29865 - 03 

.55555 - "07 

.21595-17 

.23315 - 34 

5 — 16 

.32025 - 01 

.45725 - 03 

.50125 - 08 

.63045 - 16 

5 — 17 

.71715 - 01 

.33505 - 02 

.17635 - 05 

.15505 - 10 

5-18 

.48125 - 02 

.11375-04 

.78965 - 12 

.29025 - 23 

5-19 

.37015 - 04 

.69705 - 09 

.22975 - 22 

.24375 - 44 

5- 20 

.10935 - 01 

.58565 - 04" 

.43915-10 

.86215 - 20 

G — 2 

.26505 + 00 

.36505 - 01 

.66085 - 03 

.21795 - 05 

G- 3 

.21825 + 00 

.17755 - 01 

.47985 - 04 

.94215 - 08 

G-4 

.78195 - 01 

.40525 - 02 

.30665 - 05 

.46995 - 10 

G-5 

.82335 - 01 

.35115-02 

.17885 - 05 

.15915-10 
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Table 4.5: 14-bus system- Voltage ranking at different loading 


Loading 

Per. index 

Relative ranking of contingencies 

FR 

Base 

case 

PIpp 

L- 8,X-17,X-16,G- 5,G-3,X-9 

— 

PIpp 

X - 8, X - 17, X - 16, G - 5, G - 3, X - 9 

0.0 

1.0% 

increase 

PI£f 

X — 8, X — 17, X — 16, G — 5, G — 3, X — 9 

— 


G - 3, X - 8, X — 17, G — 5, X — 9, X — 16 

0.0 

3.0% 

increase 

PI PF 

X - 8, X - 17, X - 16, G — 5, G - 3, X - 9 

— 

PIpp 

G - 3, X - 17, X - 8, G - 5, L - 9, 1 - 11, L - 16 

1/7 

5.0% 

increase 

PIpF 

X-8,X-17,X-9,X-16,G-3,G-5 

— 

PIPF 

G—3,X-17,X—8,G—4,i — ll,X — 16,X—5,X—20,X — 
3,X-1,X-14,X-6,X-18,X-15,X-19,X-12,X- 
7, X - 13, X - 9 

7 - 

13/19 

1.0% 

decrease 

PI>P 

L — 8, X - 16, L - 17, G - 5, G - 3, L - 9 

§m 

PIBp 

G-5,G-2,X-8,X-4,X-16,X-5,X-17,G-3,X- 
14,1 — 7, £ — 20,1 — 9 


3.0% 

decrease 

PIpp 

X - 17, X - 16, G - 5, G - 3, X — 8, X - 9 

— 

PIjop 

G - 5, G - 2, X - 4, X - 8, X - 5, G — 3, X — 16, X — 7, X 

14, X — 20, X — 11, G — 4, X — 17, X — 9 

8/14 

5.0% 

decrease 

PI V PF 

X - 17, X - 16, G - 5, G - 3, X - 8, X - 9 

■Bl 

PljDF 

G — 5,G — 2,X — 5,X — 4,X — 5,G’ — 3,X — 8,X — 16,X — 
14, X — 11,X — 20,G — 4, X — 9,X — 15, X — 19,X — 18,X — 
12, X - 1, X - 6, X - 13, X — 17 

1 
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Table 4.6: 14-bus system- Reactive power ranking at different loading 


Loading 

Per. index 

Relative ranking of contingencies 

Base 


L-8,L — 9,(7-2,L — 6,(7 — 3,L — 4 

case 

PIJ>f 

L-8,X-9,(7-2,L-6,(7-3,L-4 

1.0% 

PIpF 

L-8,I-9,G-2,i-6,(?-3,i-4 

increase 


L - "8, L - 9, G - 2, L - 6, L - 4, G - 3 

3.0% 


L-8,L-9,(7-2,L-6,(7-3,L-4 

increase 

PIdf 

L-8,L-9,(?-2,L-6,L-4,(7-3 

5.0% 


L - 8, L — 9, (7 - 2, L — 4, L — 6, (7 - 3 

increase 

pi^f 

L-8,L-9,(7-2,.L — 4,L — 6,L — 7,(7 — 3 

1X)% 

PIJ.F 

X - 8, Z, - 9, (7 - 2, L — 6, L — 4, (7 - 3 

decrease 

— 

L-8,L — 9,(7 — 2, L — 4,L — 6,(7 — 3 


PI ’PF 

L-9,L — 8,(7 — 2, L — 6,L — 4,(7 — 3 

decrease 

PIE7 

L - 8, L - 9, (7 - 2, L - 4, (7 - 3, L - 6 

5.0% 

PIpF 

L - 9, L - 8, L - 6, G — 2, L — 4, L — 1, G — 3 

decrease 

PIdf 



Table 4.7: 14-bus system- Optimal weights for voltage performance indices 


Bus no. 

Weights 

Bus no. 

Weights 

Bus no. 

Weights 

2 

.18147987E+07 

7 

-.37965154E+07 

12 

.21729416E+08 

3 

-.79049287E+07 

8 

.17167704E+05 

13 

. 1336681 9E+07 

4 

-.29772003E+03 

9 

-.97872402E+04 

14 

.19683013E+06 

5 

.18337014E+05 

10 

-.45752060E+08 



6 

-.56466029E+08 

11 

.10406541E+07 




Table 4.8: 14-bus system- Optimal weights for reactive power performance indices 


Bus no. 

1 

2 

3 1 

4 

5 

Weights 

-.21091E06 

.34179E06 

-.56928E05 

.10000E01 

.15331E09 
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Jacobian to be singular. 

The voltage and reactive power performance indices, with various exponents, com- 
puted by distribution factors method with unity weights are presented in Tables 4.9 and 
4.10, respectively and those computed by exact load flow method are given in Tables 
4.11 and 4.12, respectively. It is observed, from these tables, that some of the active and 
more severe contingencies (e.g. L-9, L-20 in Table 4.11) are ranked lower than the less 
severe contingencies (e.g. L-l, L-12, L-31 in Table 4.11). However, this masking effect are 
removed using exponent value of n > 5. 

The ranking of contingencies based on performance indices computed with the distri- 
bution factors method ( PI DF ) and the exact load flow method ( PI PF ), even with higher 
order exponents, are different. In order to eliminate this misranking problem, the optimal 
weights associated with voltage and reactive power performance indices have been com- 
puted by solving equations (4.24) to (4.26). The ranking of voltage and reactive power 
performance indices were recomputed using these optimal weights which are presented in 
Tables 4.13 and 4.14, respectively. The values of optimal weights are given in Tables 4.15 
and 4.16 for voltage and reactive power performance indices, respectively. 

In order to establish the effectiveness of optimal weights, computed at base loading, 
for change in system loading conditions, the loading were first increased by 1.0%, 3.0% 
and 5.0% from their base values at all the buses simultaneously. The active contingencies, 
ranked by PIpp based on exact load flow method, for these increased loading are presented 
in Table 4.13. The voltage ranking with distribution factors method using optimal weights 
(PIpp) are presented in Table 4.13 for a capture rate of 1.0. The false-alarm rate for 
increase in loading by 1.0%, 3.0% and 5.0% were found to be 5/19, 8/22 and 12/27, 
respectively. For decrease in loading by 1.0%, the voltage ranking using distribution 
factors method provides a false alarm rate of 26/36 (Table 4.13) and hence, it was not 
tried for further decrease in loading. Thus, for IEEE 30-bus system the optimal weights 
for voltage Pis can be used up to +5.0% change in loading. 

The optimal weights for reactive power performance indices, computed at base loading, 
were also used for different system loading conditions. The reactive power based ranking 
for change in loading by +1.0%, +3.0%, +5.0% and -1.0% from the base case have been 
given in Table 4.14. A threshold value of 1.0 E — 5 was considered to select the critical 
contingencies computed from the exact load flow method. All the critical contingencies 
according to their reactive power severity using distribution factors method for different 
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loading arc also presented in Table 4.14. From the Table 4.14, it is observed that only 
one non-critical contingency (G-3) is ranked as critical contingency for increase in loading 
by 1.0% and two non-critical contingencies (G-3 and L-4) are ranked as critical for load 
increase by 3.0% from their base value. However, the number of non-critical contingencies 
declared as critical contingencies increases to 9 for a load increase by +5%. With decrease 
in loading by 1.0% from the base case, the number of non-critical contingencies included 
in the list increases to 29 (out of total 38), which is unacceptable. Thus, the optimal 
weights associated with reactive power performance indices can be used for only increase 
in loading by +3.0%. 

4.5.3 75-bus UPSEB System 

75-bus UPSEB system consists of 15 generators each provided with unit transformers (L-l 
to L-15). Since the outage of these transformers are same as the outage of generators, 
they have not been considered in the contingency list. The load flow did not converge 
for outage of lines L-l 10, L-l 1 1 & L-112 and generators G-5, G-12, G-14 & G-15, taken 
one at a time. The performance indices were, therefore, not formed (using exact load 
flow method) for these contingencies. However, these were considered to be the most 
severe contingency cases. Outage of lines L-103 to L-109, L-113 and L-114 caused the 
singularity of load flow Jacobian due to islanding of the system and hence, they were also 
not considered in the contingency list. Thus, total number of contingencies simulated for 
this system was 104. 

The voltage and reactive power performance indices computed using distribution fac- 
tors method and unity weights are given in Tables 4.17 &: 4.18 and those computed by the 
exact load flow method have been presented in Tables 4.19 and 4.20, respectively. From 
these tables, it is observed that ranking of contingencies with lower exponent provide 
masking effect. This effect has been eliminated with higher exponents ( n > 5). 

The distribution factors based method provides misranking even with higher expo- 
nents. To eliminate this effect, the optimal weights were computed by solving equations 
(4.24) to (4.26). The ranking of voltage PI using optimal weights for base case and change 
in loading by ±1.0% and ±2.0% have been presented in Table 4.21. 
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Table 4.10: 30-bus system- Reactive power performance indices using distribution factors 


Outage 

case 

■H23U 

IBH 

p‘If 

(n = 2) 

P^DF 
(n = 5) 


■OH 

.1636.5 + 01 

.65815 + 00 

.18335 + 00 

.66415 - 01 

Sail 

.16415 + 01 

.65895 + 00 

.18355 + 00 

.66485 - 01 

wmami 

.16341? + 01 

.65825 + 00 

.18365 + 00 

.66625 - 01 

L- 4 

.164515 + 01 

.65925 + 00 

.18355 + 00 

.66485 - 01 

L- 5 

.1897,5 + 01 

.96005 + 00 

.55635 + 00 

.69695 + 00 

L- 6 

.16985 + 01 

.73975 + 00 

.28485 + 00 

.21685 + 00 

L- 7 

.164315 + 01 

.66065 + 00 

.18515 + 00 

.68035 - 01 

1-8 

.198315 + 01 

.10565 + 01 

.91665 + 00 

.30245 + 01 

1-9 

.164315 + 01 

.66205 + 00 

.18605 + 00 

.68415 - 01 

L - "10 

.162715 + 01 

.65905 + 00 

.18355 + 00 

.66495 - 01 

L — 11 

.2681 E + 01 

.26925 + 01 

.25395 + 02 

.32035 + 04 

1-12 

.162751 + 01 

.68115 + 00 

.20935 + 00 

.95305 - 01 

L- 13 

.164615 + 01 

.65945 + 00 

.18355 + 00 

.66495 - 01 

L - 14 

.171951 + 01 

.75675 + 00 

.31275 + 00 

.27835 + 00 

1-15 

.164851 + 01 

.65965 + 00 

.18355 + 00 

.66495 - 01 

T — 16 

.164651 + 01 

.65945 + 00 

.18355 + 00 

.66505 - 01 

1-17 

.164851 + 01 

.65965 + 00 

.18355 + 00 

.6650 E — 01 

I - 18 

.164951 + 01 

.65975 + 00 

.18355 + 00 

.66495 - 01 

1-19 

.164851 + 01 

.65965 + 00 

.18355 + 00 

.66505 - 01 

I- 20 

. 1 648 J5/ + 01 

.65965 + 00 

.18355 + 00" 

.66495 - 01 

1-21 

.164951 + Oil 

.65975 + 00 1 

.18355 + 00 1 

.66495 - 01 

I - 22 1 

.164951 + 01 

.65975 + 00 

.18355 + 00 

.66495 - 01 

T — 23 

.164851 + 01 

.65965 + 00 

.18355 + 00 

.66495 - 01 

5 — 24 

.164951 + 01 

.65975 + 00 

.18355 + 00 

.66491? — 01 

L - 25 

.16481? + 01 

.65965 + 00 

.18355 + 00 

.66495 - 01 

1-26 

.164851 + 01 

.65965 + 00 

.18355 + 00 

.66495 - 01 

5 — 27 

.16495 + 01 

.65975 + 00 

.18355 + 00 

.66495 - 01 

L -28 

. 1 648 jE + 01 

.65965 + 00 

.18355 + 00 

.66495 - 01 

L- 29 

.16495 + 01 

.65975 + 00 

.18355 + 00 

.66495 - 01 

5 — 30 

.16495 + 01 

.65975 + 00 

.18355 + 00 

.66495 — 01 

1-31 

.16495 + 01 

.65975 + 00 

.18355 + 00 

.66495 - 01 

L -82 

.16481? + 01 

.659 65 + 00 

.18355 + 00 

.66495 - 01 

L- 33 

.16405 + 01 

.65975 + 00 

.18455 + 00 

.67515 - 01 

1-34 

.16481? + 01 

.65965 + 00 

.18355 + 00 

.66491? — 01 

5- 35 

.16475 + 01 

.65955 + 00 

.18355 + 00 

.66491? - 01 

5- 36 

.16485 + 01 

.65965 + 00 

.18355 + 00 

.66491? — 01 

5- 37 

.16175 + 01 

.65805 + 00 

.18355 + 00 

.66481? — 01 

/t /i i a m a "i 

1-38 

.16445 + 01 

.65925 + 00 

.18355 + 00 

.6649 E — 01 

G-2 

.11095 + 01 

.40545 + 00 

.82695 - 01 

.16151? — 01 

a i /"'i f 7> A 1 

G — 3 

.15805 + 01 

.65875 + 00 

.18625 + 00 

.69481? — 01 

■r a a A 77* A 1 

G — 4 

" .11785 + 01 

.47705 + 00 

.13985 + 00 

.56961? — 01 
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Table 4.11: 30-bus system- Voltage performance indices using exact load flow 


Outage 

case 

£?• ll 

vS 

PlpF 

( n “ 2) 

PIpp 

(n = 5) 

P Ipp 

(n = 10) 

L- 1 

.6775E + 01 

.281015 + 01 

.112025 + 01 

.100215 + 01 

L- 2 

.5223 E + 01 

.166015 + 01 

.289315 + 00 

.668825 - 01 

L - 3 

.1250$ + 02 

.930615 + 01 

.2271 E + 02 

.410425 + 03 

L-4 

.593025 + 01 

.193415 + 01 

.397725 + 00 

.171325 + 00 

L - 5 

.178015 + 02- 

.199115 + 02 

.470815 + 03 

.630325 + 06 

L — 6 

.4950E + 01 

.152815 + 01 

.2728 E + 00 

.8905 E - 01 

L — 1 

.4564E + 01 

.135415 + 01 

.2181 E + 00 

.556625 - 01 

L - 8 

.436425 + 01 

.129415 + 01 

-378515 + 00 

.483425 + 00 

L — 9 

.548415 + 01 - 

.417615 + 01 

.672225 + 02 

.225625 + 05 

L- 10 

.404515 + 01 - 

.103615 + 01 

.116715 + 00 

.214125 — 01 

L- 12 

.718915 + 01 -• 

.3071 E + 01 

.1361# + 01 

.158025 + 01 

25- 13 

.114715+" 02- 

.8927 E + 01 

.253325 + 02 

.5139E + 03 

L- 14 

.477625 + 01 

.141815 + 01 

.2234 E + 00 

.5752 E - 01 

L- 15 

.474415 + 01 

.138415 + 01 

.197615 + 00 

.371625 - 01 

L - 16 

.729015 + 01 

.367015 + 01 

.323915 + 01 

.112025 + 02 

25-17 

.527415 + 01 

.175515 + 01 

.3529 E + 00 

.113625 + 00 

Z/ — 18 

.4058E + 01 

.105015 + 01 

.1195# + 00 

.216025 - 01 

L- 19 

.431715 + 01 

.121015 + 01 

.150325 + 00 

.259425 - 01 

25 — 20 

.547515 + 01 

.258115 + 01 

.299415 + 01 

.185225 + 02 

1-21 

.430515 + 01 

.134315 + 01 

.370725 + 00 

.2603 E + 00 

25 — 22~1 

.467915 + 01 J 

.176425 + 01 ] 

.145215 + 01 1 

.711625 + 01 

25- 23 

.612615 +01 - 

.3723 E + 01 

.111125 + 02 

.272425 + 03 

25 — 24 

.432215 + 01 

.1252 E + 01 

.2874 E + 00 

.196325 + 00 

25 - 25 

.4779E + 01 

.1516E + 01 

.338015 + 00 

.160125 + 00 

25 — 26 

.415615 + 01 

.108825 + 01 

.1220E + 00 

.2132 E - 01 

L — 21 

.397815 + 01 

.1040E + 01 

.126015 + 00 

.2227 E - 01 

L- 28 

.438115 + 01 

.122715 + 01 

.1610# + 00 

.298625 - 01 

L- 29 

.408815 +-01 

.1081# + 01 

.125415 + 00 

.2161 E - 01 

L — 30 

.401115 + 01 

.101915 + 01 

.113525 + 00 

.2088 E - 01 

25 — 31 

.744015 + 01 

.302815 + 01 

.155225 + 01 

.446025 + 01 

L — 32 

.112915 + 02 

.913125 + 01 

.780925 + 02 

.206925 + 05 

L — 33 

.5695 E + 01 

.2082 E + 01 

-6393.E1 + 00 

.481225 + 00 

25 — 34 

.461815 + 01 

.1222 E + 01 

.140925 + 00 

.2409 E - 01 

L- 35 

.463015 + 01 

.132915 + 01 

.251125 + 00 

.108525 + 00 

25 — 36 

.4142# + 01 

' .103715 + 01 

.115325 + 00 

.2125 E - 01 

25 - 37 

.405215 + 01 

.1043# + 01 

.119925 + 00 

.2264 E - 01 

25 — 38 

.398115 + 01 

.101315 + 01 

.119125 + 00 

.253725 - 01 

G — 2 

.5344# + 01 

-.174425 + 01 

.481025 + 00 

.481225 + 00 

G — 3 

.114915 + 02 

-.687225 + 01 

.862125 + 01 

.5695 E + 02 

G- 4 

.881515 + 01 

- .473525 + 01 

.738425 + 01 

.162725 + 03 

G -5 

.5904# + 01 

-.242825 + 01 

.3112 E + 01 

.422825 + 02 

i 007 C 1 i AO 

G- 6 

.1022# + 02 

-.562725 + 01 

*4976# + 01 

.1887# + u2 
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Table 4.12: 30-bus system- Reactive power performance indices using exact load flow 


Outage 

case 

PIU 

(re = 1) 

PI’PF 
(re = 2) 

P1’ PF 
(n = 5) 

PI’ff 

(n = 10) 

L—l 

.37535-01 

.65655 - 03 

.22435 - 07 

.24415-14 

L - 2 

.67795 - 02 

.224 65 - 04 

.27325- 11 

.19305 - 22 

L-3 

.13755 + 00 

.96765 - 02 

.16405 - 04 

.12385-08 

1-4 

.28605 - 01 

.724 25 - 03 

.44985 - 07 

.10125 - 13 

L- 5 

.38935 + 00 

.10715 + 00 

.11375-01 

.64685 - 03 

L - 6 

.21095 + 00 

.30835 - 01 

.50475 - 03 

.12735 - 05 

L — 7 

.78065 - 01 

.40935 - 02 

.3222 5 - 05 

.51895-10 

L — 8 

.25985 - 01 

.37755 - 03 

.66345 - 08 

.21775 - 15 

L- 9 

.17415-01 

.10525 - 03 

.11675-09 

.54725 - 19 

L- 10 

.14005 - 02 

.19065 - 05 

.16055- 13 

.12885 - 26 

L- 12 

.37795 + 00 

.10715 + 00 

.11425-01 

.65195 - 03 

L- 13 

.20395 + 00 

.23465-01 

.20975 - 03 

.21845-06 

L- 14 

.12045 + 00 

.67735 - 02 

.86415-05 

.37005 - 09 

L- 15 

.65035 - 03 

.14095-06 

.48665- 17 

.46035 - 34 

L- 16 

.26065 - 01 

.29825 - 03 

.26735 - 08 

.33675 - 16 

L- 17 

.26505 - 01 

.39555 - 03 

.83795 - 08 

.35065 - 15 

L- 18 

.38075 - 04 

.72085 - 09 

.32135 - 22 

.51185-44 

L - 19 

.11505-01 

.69175 -04 

.89255 - 10 

.39195 - 19 

L — 20 

.98625 - 02 

.45205 - 04 

.23065 - 10 

.24165 - 20 

L- 21 

.35945 - 02 

.66005 - 05 

.22895 - 12 

.25335 - 24 

T — 22 

.64205 - 02 

.27325 - 04 

.10905 - 10 

.59325 - 21 

L — 23 

.13115-01 

.12025 - 03 

.45855 - 09 

.10515-17 

L- 24 

.15395 - 01 

.14455 - 03 

.66335 - 09 

.21925-17 

X — 25 

.90445 - 03 

.37495 - 06 

.18145 - 15 

.16275 - 30 

L — 20 

.57875 - 04 

.14895 - 08 

.16685-21 

.13625 - 42 

L — 27 

.27235 - 03 

.41295 - 07 

.75735 - 18 

.28025 - 35 

L — 28 

.21945 - 02 

.22325 - 05 

.15745 - 13 

.12235 - 26 

L- 29 

.10395-02 

.55995 - 06 

.50445 - 15 

.12435 - 29 

1-30 

.37425 - 04 

.10935 - 08 

.12205 - 21 

.74395 - 43 

5-31 

.23325 - 01 

.21475 - 03 

.73825 - 09 

.17055 - 17 

L -32 

.42485 - 01 

.88415-03 

.45335 - 07 

.98505 - 14 

L — 33 

.3791 5 + 00 

.10705 + 00 

.11375-01 

.64685 - 03 

L- 34 

.21705-03 

.31725-07 

.53975 - 18 

.14565 - 35 

L — 35 

.38155-03 

.98025 - 07 

.90615 - 17 

.41055 - 33 

L- 36 

.26015 - 04 

.45615-09 

.13395 - 22 

.89635 - 45 

i>- 

eo 

1 

.13055 - 01 

.16945 - 03 

.11955 - 08 

.71345-17 

1-38 

.78685 - 03 

.42685 - 06 

.35495 - 15 

.62985 - 30 

G — 2 

.28105 + 00 

.49205 - 01 

.15515-02 

.12025 - 04 

G — 3 

.71705-01 

.24875 - 02 

.68215 - 06 

.22875 - 11 

G- 4 

.17215 + 0"0 

.17145-01 

.88845 - 04 

.38875 - 07 

<7-5 

.27785 + 00 

.65005 - 01 

.34195 - 02 

.58465 - 04 

G-6 

.11155 + 00 

.10925 - 01 

.39705 - 04 

.78825 - 08 
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Table 4.13: 30-bus system- Voltage ranking at different loading 


Loading 

method 

Ranking of contingencies 

FR 

Base 

PI PF 

L - 11, X - 5, X - 32, X — 9, X — 13, X — 3, X — 23, G — 
3,G-4,G-6 

HI 

Base 


L- 11,X- 5,X- 32,X-9,X- 13,X-3,X- 23,G- 
3,G-4,G-6 

■ 

1.0% 

p r PF 

X — 11, X— 5, X-9,X — 32, X— 3,X— 13,G— 3, X— 23, G— 

4, G — 6, X — 16, X — 12, G — 5, X — 33 


increase 

pi^f 

G-6,G-3,G-2,G-5,X-12,X-5,X-11,X-3,X- 
31,X — 14, X — 32,X — 13,X — 2,X — 9,X — 16,X — 23,G — 

5/19 



4,X — 35, X — 33 


3.0% 

PIpF 

X-11,X — 5,X-9,X — 32,X — 3,X — 13,G—3,X — 12,X — 
23, X - 33, G - 4, G - 6, G - 5, X — 16 


increase 

PI IF 

G-6,G-3,G-2,G-5,T-12,T-11,I-5,X-3,T- 

14,X — 31,X — 6, X — 32,X — 13, X — 2, X — 33, X — 16, G — j 

HI 

* 


4, X — 7, X — 17, X — 25, X — 9, X — 23 


5.0% 

PljPj p 

X — 1 1, X — 5, X — 9, X — 3, X — 32, X — 12, G — 3, X — 13, X — 
33, G — 4, X — 23, G — 6, G — 5, X — 16, X — 20 


increase 

PIl)F 

G — 6, G — 3, G — 2, G — 5, X — 12, X — 11, X — 5, X — 3, X — 
6, X — 14, X — 31, X — 32, X — 2, X — 13, X — 33, X — 35, X — 
16, X — 1, X — 17, X — 25, X — 8, G — 4, X — 28, X — 9, X — 

12/27 



23, X — 38, X - 20 


1.0% 

PIpF 

i-ll,I-5,L-32,I-9,A-13,L-3,L-23,U- 

3,G-4,G-6 


decrease 

M V df 

G - 4, X - 9, X - 23, X - 38, X - 20, X - 22, X - 27, X 

28, X — 13,X — 25,X — 16, X — 35,X — 17,X — 7,X— 21,X — 

8, X - 18, G - 3, X - 30, X - 36, X - 10, X - 2, X - 33, X - 
26, G — 6, X — 29, X — 32, X — 19, X — 1, X — 14, X — 3,X — 
24, X - 15, Z - 31, X - 11, X — 5, X — 32, X - 9, X 13, X 

26/36 



23,X-3,G-4,G-6 
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Fable 4.14: 30-bus system- Reactive power ranking at different loading 


Loading 

method 

Ranking of contingencies 

Base 


jL-11,L-12,L — 5,L — 33,G — 5,G — 2,L — 6,L — 
13,G-6,jL — 3 

case 


L - U,L - 12,1 - 5 - 33, G - 5,G - 2,L - 6,L - 
13, G — 6, 1/ — 3 

1.0% 

PI "pp 

L-U,L-5,L- 12, 1-33, G- 5, G- 2,1-6, L- 
13,G-6,L-3 

increase 

PI If 

G-6,I-11,L-3,L-12,G-5,G-2,L-13,L — 5,G— 

3, L - 6, L - 33 

3.0% 

Plpjf 

L-11,G-5,G-2,L-5,L-12,L—33,L — 6,G—6,L — 
13,1-3, L- 7, L- 14 

increase 

PILf 

G-6,b-ll,L-3,b-12,G-5,G-2,G-3,L-5,L- 
14, L — 6, L — 33, X — 4, L — 7, L — 13 

5.0% 

PI ’PF 

Z/ — 11, 1-13, 1-5, G-3,i-6,i-3, 1-12, L-33,G- 
6,G - 5, L - 7, L- 14 

increase 

PI 'VF 

• 

L-5,L-12,L-33,G-6,L-6,G-3,L-13,G—5,L — 
3,L — 14,L — 7,G — 4,jL — 9,L — 32,L — 4,i — 17,L — 
16, L - 37, L-l,L- 10,1-11 

1.0% 

PI q FF 

L-ll,L-5,L-12,L-33,G-5,G-2,L-6,£-13,G-6 

decrease 

PIIjf 

G — 6, Z — 11,£ — 3,L — 12,Z — 14,L — 31, X — 32,L — 

24, L-29,L-30,F-19,L-27,L — 17,L — 23,L — 18,L — 
22, L — 21, L- 36, i— 28, L — 26, L— 15, 1»— 20,L — 34, L — 

25, L — 35, L - 33, L - 16, 1 - 4, L - 10, L — 38,L — 9,L- 
37, L - 6, L - 13, r - 7, X — 2, 1/ — 5, G — 2, G — 5 
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Tabic 4.15: 30-bus system- Optimal weights for voltage performance indices 


Bus no. 

Weights 

Bus no. 

Weights 

Bus no. 

Weights 

2 1 

.39587408E+07 

12 

.31421841E+02 

22 

-.97998108E+04 


.13647064E+07 

13 

.10083638E+04 

23 

-.3145061 2E+04 


.43562338E+05 

14 

-.71895837E+05 

24 

.23879150E+05 

BSBjj 

.11537955E+05 

15 

-.49405308E+04 

25 

.2268871 6E+07 

6 

-.2565551 8E+06 

16 

.62492749E+05 

26 

-.24624721E+05 

7 

-.2694641 5E+07 

17 

-.26170761E+05 

27 

-.11265073E+04 

8 

.62166275E+05 

18 

-.1747241 5E+03 

28 

-.17734082E+04 

9 

. 6388351 4E+07 

19 

.38497480E+03 

29 

-.24218477E+07 

10 

-.28440639E+04 

20 

-.37170105E+03 

30 

.24789934E+06 

11 

-.15136768E+03 

21 

.31570436E+04 

- 

- 


Table 4.16: 30-bus system- Optimal weights for reactive power performance indices 


Bus no. 

1 

2 

3 "" 

4 

5 

6 

Weights 

.58725E06 

.19623E02 

.23527E02 

.90903E05 

-.15851E02 

-.14695E07 
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The optimal weights calculated at base operating point have been used for computing 
the Pis for the change in loading conditions. The weights associated with voltage Pis 
have been given m Table 4.22. It is observed from Table 4.21, that increase in loading by 
1.0% and 2.0% results into the false alarm rate of 22/49 and 29/63, respectively. However 
decrease in loading by 1.0% and 2.0% gives the false alarm rate of 10/24 and 17/25 for 
a capture rate of 1.0. Thus, the optimal weights associated with the voltage Pis can be 
used for only ±1.0% change in loading. 

The optimization problem (4.24) to (4.26) gave infeasible solution for calculation of 
optimal weight associated with reactive power performance index ( PI 9 ). This may be due 
to the inaccuracy in computation of reactive power output of sources using the distribution 
factors. For this system, in order to obtain feasible solution, some contingency constraints 
(e.g. for L-38, L-74, L-75, L-78, L-91, G-2, G-5, G-8, G-13) defined by equations (4.25) and 
(4.26) have been relaxed in calculation of optimal weights. The ranking of contingencies 
obtained with the optimal weights in base case and for change in loading by ±2.0% are 
given in Table 4.23. A threshold value of 1.0E+02 have been considered to select critical 
contingencies. The optimal weights for reactive power PI are presented in Table 4.24. It 
is observed from Table 4.23 that in order to capture all the critical contingencies based on 
the above threshold value of PI, almost all non-critical contingencies have to be included in 
the ranking list, even for the base case condition. Hence, the reactive power performance 
index based method can not be effectively used for contingency ranking in this system. 


4.6 Conclusions 

In this Chapter, voltage as well as reactive power performance indices have been suggested 
for contingency ranking. A simple approach to find out optimal weights of the performance 
indices have been proposed. The study results on the three systems reveal that 

(i) The use of higher order exponent for both voltage and reactive power performance 
indices eliminates the masking effect. The exponent of 5 or more is recommended 
to overcome the masking problem. 

(ii) The performance indices computed by the distribution factors method using optimal 
weights minimizes the misranking effects. 
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Tabic 4.17: 75-bus system Voltage performance indices using distribution factors 


Outage 

cause 

(n = 1) 

PIdf 

(n = 2) 

P^DF 

(n = 5) 

PIdf 

( n = 10) 

L- 16 

.306613 + 02 

.271213 + 02 

.23471 + 03 

.89051 + 05 

L- 17 

.306613 + 02 

.271213 + 02 

.23471 + 03 

.89051 + 05 

L- 18 

.274313 + 02 

.21951: + 02 

.15931 + 03 

.57041 + 05 

L - 19 

.270013 + 02 

.20071; + 02 

.10731 + 03 

.26791 + 05 

L -20 

.270013 + 02 

.20071; + 02 

.10731 + 03 

.26791 + 05 

L — 21 

.260813 + 02 

- - - . - - 

.20771; + 02 

.14191 + 03 

.45411 + 05 

L - 22 

.260813 + 02 

.207713 + 02 

.14191 + 03 

.45411 + 05 

L -23 

.262413 + 02 

. 20011 ; + 02 

.11881 + 03 

.32041 + 05 

L — 24 

.262413 + 02 

.2001 1 + 02 

.11881 + 03 

.32041 + 05 

L - 25 

.246013 + 02 

.16851; + 02 

.79571 + 02 

.16301 + 05 

L- 26 

.246013 + 02 

.16851; + 02 

.79571 + 02 

.16301 + 05 

L — 27 

.24601 + 02 

.16851: + 02 

.79571 + 02 

.16301 + 05 

L - 28 

.317913 + 02 

.28701; + 02 

.39051 + 03 

.46761 + 06 

L - 29 

.317913 + 02 

.28701; + 02 

.39051 + 03 

.46761 + 06 

L - 30 

.301213 + 02 

.24061; + 02 

.15931 + 03 

.55411 + 05 

1-31 

.3292 E + 02 

.27451; + 02 

.17501 + 03 

.56921 + 05 

L — 32 

.3292 E + 02 

.27451; + 02 

.17501 + 03 

.56921 + 05 

L — 33 

.284913 + 02 

.26181; + 02 

.33651 + 03 

.25901 + 06 

1-34 

.2849$ 4“ 02 

.26181; + 02 

.33651 + 03 

.25901 + 06 

L — 35 

.223013 + 02 

.17451; + 02 

.12601 + 03 

.39061 + 05 

1 -36 

.2230 E + 02 ! 

.17451; + 02 

.12601 + 03 

.39061 + 05 

L — 37 

.223013 + 02 

.17451; + 02 

.12601 + 03 

.39061 + 05 

1 — 38 

.193513 + 02 

.160513 + 02 

.15861 + 03 

.71341 + 05 

1-39 

.242213 + 02 

.17131; + 02 

.67991 + 02 

.36121 + 04 

1-40 

.155813 + 02 

.89301; + 01 

.27891 + 02 

.21781 + 04 

1-41 

.216513 + 02 

.16881; + 02 

.12431 + 03 

.39111 + 05 

1 — 42 

.251815 + 02 

.19041; + 02 

.11621 + 03 

.32391 + 05 

1-43 

.285413 + 02 

.24031; + 02 

.17741 + 03 

.60691 + 05 

1-44 

.188713 + 02 

.115713 + 02 

.46731 + 02 

.64081 + 04 

1- 45 

.188713 + 02 

.11571; + 02 

.46731 + 02 

.64081 + 04 

1- 46 

.288313 + 02 

.22651; + 02 

.14041 + 03 

.43571 + 05 

1 — 47 

.2159 E + 02 

.140113 + 02 

.58831 + 02 

.94211 + 04 

L - 48 

.303313 + 02 

.24631; + 02 

.16941 + 03 

.61791 + 05 

L —49 

.2775 E + 02 

.20901; + 02 

.12111 + 03 

.3416$ + 05 

1 - 50 

,267813 + 02 

.1963 E + 02 

.10711 + 03 

.27551 + 05 

jL — 51 

.272115 + 02 

.20251; + 02 

.11041 + 03 

.28701 + 05 

L — 52 

.292313 + 02 

.2289 E + 02 

.14521 + 03 

.47201 + 05 
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Table 4.17 (Could.) ... 


Outage 

case 

^ Idf 
( n = 1) 

P Idf 

(n = 2) 

PPdf 
(n = 5) 

PIbF 

(n = 10) 

L - 53 

.30165 + 02 

.24241? + 02 

.16265 + 03 

.57505 + 05 

L -54 

.2791 E + 02 

.21041? + 02 

.12265 + 03 

.35015 + 05 

L — 55 

.30191? + 02 

.24291? + 02 

.16295 + 03 

.57625 + 05 

L — 56 

.30391? + 02 

.24591? + 02 

.16715 + 03 

.60255 + 05 

L - 57 

.2505,5 + 02 

.17455 + 02 

.81025 + 02 

.16475 + 05 

L - 58 

.27531? + 02 

.20565 + 02 

.11785 + 03 

.32595 + 05 

I - 59 

.28921? + 02 

.22845 + 02 

.14475 + 03 

.45865 + 05 

I - 60 

.29711? + 02 

.23845 + 02 

.15945 + 03 

.55415 + 05 

L - 61 

.28151? + 02 

.21445 + 02 

.12725 + 03 

.37365 + 05 

1-62 

.26741? + 02 

.19335 + 02 

.10325 + 03 

.25875 + 05 

/, - 63 

.26741? + 02 

.19335 + 02 

.10325 + 03 

.25875 + 05 

1-64 

.21431? + 02 

.21325 + 02 

.43285 + 03 

.64495 + 06 

1-65 

.29081? + 02 

.24745 + 02 

.23295 + 03 

.13865 + 06 

5- 66 

.21871? + 02 

.19735 + 02 

.22225 + 03 

.12215 + 06 

imp 

.32145 + 02 

.27185 + 02 

.20295 + 03 

.83085 + 05 

Bail 



.33615 + 03 

.14525 + 06 

1-69 

.19441? + 02 

.11475 + 02 

.28955 + 02 

.12335 + 04 

5 - 70 

.18381? + 02 

.10495 + 02 

.26755 + 02 

.15765 + 04 

L — 71 

.27831? + 02^ 

.21695 + 021 

.11165 + 03 

.93885 + 04 

L -12 

.31081? + 02 

.27625 + 02 

.25765 + 03 

.10535 + 06 

L - 73 

.31291? + 02 

.31825 + 02 

.59145 + 03 

.72625 + 06 

5-74 

.1095£7 + 02 

.35985 + 01 

.44925 + 01 

.82525 + 02 

5-75 

.12831? + 02 

.51865 + 01 

.90125 + 01 

.29835 + 03 

L -76 

.27485 + 02 

.21835 + 02 

.14785 + 03 

.49935 + 05 

L - 77 

.2872 E + 02 

.22195 + 02 

.13615 + 03 

.4208J5 + 05 

L — 78 

.29241? + 02 

.240112 + 02 

.18055 + 03 

.72755 + 05 

L — 79 

.22535 + 02 

.15065 + 02 

.51345 + 02 

.21015 + 04 

5-80 

.2975J ? + 02 

.24255 + 02 

.17175 + 03 

.6417J3 + 05 

5 - 81 

.30701? + 02 

.25365 + 02 

.18255 + 03 

.70695 + 05 

5 - 82 

.30491? + 02 

.25235 + 02 

.18065 + 03 

.68395 + 05 

5 - 83 

.27401? + 02 

.22035 + 02 

.14835 + 03 

.4674.E + 05 

5-84 

.27951? + 02 

.22495 + 02 

.15395 + 03 

,5101-E + 05 

5 - 85 

.30891? + 02 

.25645 + 02 

.18565 + 03 

.7226jE + 05 

L - 86 

.26711? + 02 

.194422 + 02 

.10125 + 03 

.2460jE + 05 

L - 87 

.26601? + 02 

.19415 + 02 

.10515 + 03 

.2668J3 + 05 

koha IT' i A 

L- 88 

.19471? + 02 

.11945 + 02 

.44305 + 02 

,5389Jb + 04 

kooa T7 1 i A A 

L- 89 

.19471? + 02 

.11945 + 02 

.44305 + 02 

*5389ii/ + 04 

n a t* T? i AO 

L- 90 

.14851? + 02 

.66555 + 01 

.6564jE + 01 

.38455 + U2 


Table . . . Contd. 
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Table 4.17 (Contd.) ... 


Outage 

case 

P^df 
( n = 1) 

PIbF 

(n = 2) 

PIdf 

(n = 5) 

PT V 

ri DF 

(n = 10) 

1-91 

.153375 + 02 

.731275 + 01 

•1753£ + 02 

.104375 + 04 

L- 92 

.3086£ + 02 

.2529 E + 02 

.177475 + 03 

^670475 + 05 

X - 93 

.2394~75 + 02 

.1651£ + 02 

.776375 + 02 

.154075 + 05 

X - 94 

.2394£ + 02 

.1651,5 + 02 

.776375 + 02 

.154075 + 05 

X - 95 

.280175 + 02 

.21 1875 + 02 

.1244£ + 03 

.359275 + 05 

CT> 

I 

<•1 



.2801 E + 02 

.2118£ + 02 

.124475 + 03 

.359275 + 05 

X -97 

.310775 + 02 

.2556,5 + 02 

.181175 + 03 

.694975 + 05 

X - 98 

.303475 + 02 

.2594 E + 02 

.2083-5 + 03 

.832875 + 05 

X - 99 

.303475 + 02 

.259475 + 02 

.2083# + 03 

.832875 + 05 

"X - 100 

.299175 + 02 

.2389-5 + 02 

.1581,5 + 03 

.547475 + 05 

X - 101 

.266575 + 02 

.203175 + 02 

.1190-5 + 03 

.3166£ + 05 

X- 102 

.319675 + 02 

.272775 + 02 

.218675 + 03 

.101775 + 06 

X — 110 

.135775 + 02 

.566175 + 01 

.53175 + 01 

.395375 + 02 

X - 111 

.154475 + 02 

.749075 + 01 

.943875 + 01 

.753275 + 02 

X — 112 

.129275 + 02 

.601075 + 01 

.147975 + 02 

.814175 + 03 

G - 2 

.1 89375 + 02 

.146175 + 02 

.124975 + 03 

.448775 + 05 

G- 3 

.2401# + 02 

.1574-5 + 02 

.497375 + 02" 

.199075 + 04 

(7 — 4 

.116675 + 02 

.455075 + 01 

.319575 + 01 

.118575 + 02 

(7 — 5 

.1991# + 02 

.113175 + 02 

.2215 E + 02 

.403575 + 03 

(7-6 

-1318£? + 02 

.6048# + 01 

.13 1 675 + 02 

.631975 + 03 

G — 7 

.1500£ + 02 

.85705 + 01 

.339075 + 02 

.3779 E + 04 

G- 8 

-152775 + 02 

.878375 + 01 

.369775 + 02 

.273375 + 04 

(7-9 

.235075 + 02 

.18825 + 02 

.153455 + 03 

.605975 + 05 

(7-10 

.156875 + 02 

.928675 + 01 

.3711-5 + 02 

.447175 + 04 

(7-11 

.301575 + 02 

.5305-5 + 02 

.421355 + 04 

.366175 + 08 

(7-12 

.208775 + 02 

.179775 + 02 

.177375 + 03 

.8123-5 + 05 

(7-13 

.2257 75 + 02 

.187275 + 02 

.1663 E + 03"1 

.702975 + 05 

(7-14 

.214175 + 02 

.141575 + 02 

.435675 + 02 

.1751-5 + 04 

(7-15 

.651175 + 02 

.1243-5 + 03 

.139275 + 05 

.5304 E + 09 
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Table 4.18: 75-bus system- Reactive power performance indices using distribution factors 


Outage 

case 

PIdf 

(n = 1) 

PIdf 
( n — 2) 

PI If 
( n = 5) 

PIdf 

(n = 10) 

L - 16 

.32467? + 01 

.13177? + 01 

.43537 + 00 

.20367 + 00 

L - 17 

.32467? + 01 

.13177 + 01 

.43537 + 00 

.20367 + 00 

L - 18 

.32357? + 01 

.13167 + 01 

.43497 + 00 

.20337 + 00 

1 - 19 

.33857? + 01 

.13397 + 01 

.43507 + 00 

.20317 + 00 

L- 20 

.33857? + 01 

.13397 + 01 

.43507 + 00 

.20317 + 00 

L -21 

.33127? + 01 

.13217 + 01 

.43397 + 00 

.20237 + 00 

L - 22 

.331275 + 01 

.13217 + 01 

.43397 + 00 

.20237 + 00 

L - 23 

.327075 + 01 

.13177 + 01 

.43447 + 00 

.20277 + 00 

7,-24 

L - 25 ' 

.32707? + 01 

.13177 + 01 

.43447 + 00 

.20277 + 00 

.366475 + 01 

.15017 + 01 

.48177 + 00 

.21387 + 00 

L -26 

.36647? + 01 

.15017 + 01 

.48177 + 00 

.21387 + 00 

L- 27 

.36647? + 01 

.15017 + 01 

.48177 + 00 

.21387 + 00 

1-28 

.32747? + 01 

.13187 + 01 

.43557 + 00 

.20387 + 00 

7, - 29 

.32747? + 01 

.13187 + 01 

.43557 + 00 

.20387 + 00 

7,-30 

.32347? + 01 

.13177 + 01 

.43547 + 00 

.20377 + 00 

7-31 

.32367? + 01 

.13167 + 01 

.43517 + 00 

.20347 + 00 

1-32 

.32367? + 01 

.13167 + 01 

.43517 + 00 

.20347 + 00 

7-33 

.32417? + 01 

.13177 + 01 

.43537 + 00 

.20377 + 00 

7,-34 

.32417? + 01 

.13177 + 01 

.43537 + 00 

.20377 + 00 

“ 7 - 35 

.33257? + 01 

.13247 + 01 

.43437 + 00 

.20267 + 00 

i 

CO 

o* 



.33257? + 01 

.13247 + 01 

.43437 + 00 

.20267 + 00 

7,-37 

.33257? + 01 1 

.13247 + Oil 

.43437 + 00 

.20267 + 00 

7-38 

.44427? + 01 

.28037 + OP 

.92757 + 01 

.39217 + 03 

7,-39 

.725175 + 01 

.17657 + 02 

.34647 + 04 

.59977 + 08 

O 

I 

>-3 

.57517? + 01 

.76717 + 01 

.32687 + 03 

.53257 + 06 

7,-41 

.33487? + 01 

.13297 + 01 

.43457 + 00 ~ 

.20287 + 00 

7-42 

.332975 + 01 

.13257 + 01 

.43537 + 00 

.20367 + 00 

7,-43 

.32387? + 01 

.13167 + 01 

.43537 + 00 

.20377 + 00 

7,-44 

.449875 + 01 

.29157 + 01 

.10807 + 02 

.53737 + 03 

7-45 

.44987? + 01 

.29157 + 01 

.10807 + 02 

.53737 + 03 

L -46 

.32597? + 01 1 

.13177 + 01 

.43547 + 00 

.20377 + 00 

7-47 

.41347? + 01 

.21277 + 01 

.23317 + 01 

.18187 + 02 

7,-48 

.32377? + 01 

.13177 + 01 

.43557 + 00 

.20387 + 00 

7,-49 

.33147? + 01 

.13237 + 01 

.43547 + 00 

.20387 + 00 

7 — 50 

.33877? + 01 

.13407 + 01 

.43567 + 00 

.20377 + 00 

7,-51 

.33717? + 01 

.13357 + 01 

.43557 + 00 

.20377 + 00 

7 — 52 

.32457? + 01 

.13177 + 01 

.43557 + 00 

.20387 + 66 
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Tabic 4.18 (Oontd.) ... 


Outage 

case 

nip 
[ n — 1) 

( n = 2) 

PIpp 

(n = 5) 

PIdf 

( n = 10) 

Ij 53 

.3235# + 01 

•1317# + 01 

.4355# + 00 

.2038# + 00 

L — 54 

.3304# + 01 

•1321# + 01 

.4354# + 00 

.2038# + 00 

£ — 55 

>3235 Jb 4" 01 

.1317# + 01 

.4355 E -f- 00 

.2038# + 00 

L — 56 

■8285E + 01 

.1317# + 01 

.4355 jE* 4” 00 

.2038# + 00 

L — 57 

.3653# + 01 

.1492# + 01 

.4764# + 00 

.2120# + 00 

L — 58 

.3328# + 01 

.1325# + 01 

.4354# + 00 

.2037# + 00 

£ — 59 

.3245# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

L - 60 

.3235# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

L - 61 

.3286# + 01 

.1319# + 01 

.4354# + 00 

.2038# + 00 

L - 62 

.3413# + 01 

.1348# + 01 

.4360# + 00 

.2037# + 00 

£ ~ 63 

.3413# + 01 

.1348# + 01 

.4360# + 00 

.2037# + 00 

L — 64 

.3401 # + 01 

.1340# + 01 

.4304# + 00 

.1985# + 00 

L — 65 

.3247# + 01 

.1317# + 01 

.4354# + 00 

.2038# + 00 

£ -66 

.3322 £* 01 

.1323# + 01 

.4341# + 00 

.2025# + 00 

L -67 

.3714# + 01 

.1547# + 01 

.5170# + 00 

.2370# + 00 

T - 68 

.3247# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

£ - 69 

.6069# + 01 

.9470# + 01 

.6118# + 03 

.1869# + 07 

1-70 

.5734# + 01 

.7695# + 01 

.3327# + 03 

.5520# + 06 

£-71 

.831 7# + 01 

.2753# + 02 

.1130# + 05 

.6385# + 09 

L- 72 

S' .3251# + 01 

.1317# + 01 

.4355# + 00 

r.2038# + 00 

£ - 73 

.3240# + 01 

.1317# + 01 

.4354# + 00 

.2038# + 00 

£ - 74 

.1282# + 02 

.9328# + 02 

.2596# + 06 

.3369# + 12 

£ - 75 

.9921# + 01 

.4610# + 02 

.4295# + 05 

.9224# + 10 

£ -76 

.3240# + 01 

.1317# + 01 

.4353# + 00 

.2037# + 00 

£ -77 

.3262# + 01 

.1317# + 01 

.4354# + 00 

.2038# + 00 

£-78 

.3265# + 01 

.1318# + 01 

.4354# + 00 

.2038# + 00 

£-79 

.7136# + 01 

.1669# + 02 

.2975# + 04 

.4425# + 08 

£-80 

.3239# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

£ -81 

.3248# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

£-82 

.3242# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

£-83 

.3258# + 01 

.1317# + 01 

.4354# + 00 

.2037# + 00 

£-84 

.3243# + 01 

.1317# + 01 

.4354# + 00 

.2037# + 00 

£-85 

.3251# + 01 

.1317# + 01 

.4355# + 00 

.2038# + 00 

£-86 

.3440# + 01 

.1359# + 01 

.4365# + 00 

.2037# + 00 

£-87 

.3399# + 01 

.1343# + 01 

.4358# + 00 

.2037# + 00 

£-88 

.4759# + 01 

.3644# + 01 

.2692# + 02 

.3507# + 04 

£-89 

.4759# + 01 

.3644# + 01 

.2692# + 02 

.3507# + 04 

£-90 

.1790# + 02 

.2169# + 03 

.2184# + 07 

.2384# + 14 
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Table 4.18 (Contd.) . . . 


Outage 

case 

PI’df 

(n = 1) 

PIdf 

(n = 2) 

PI’df 

[n — 5) 

fe.S 
5? II 

L — 91 

.737217 + 01 

.1846E + 02 

-389 8 jE/ -f- 04 

.759417 + 08 

L- 92 

.324217 + 01 

.131717 + 01 

.435 517 + 00 

.203817 + 00 

1-93 

.3707 E + 01 

.1540E + 01 

.5112.E + 00 

.232417 + 00 

L — 94 

.370717 + 01 

.1540E + 01 

^5112# + 00 

.232417 + 00 

L - 95 

.3298E + 01 

.132117 + 01 

.435417 + 00 

.203717 + 00 

L - 96 

.32981? + 01 

.1321 E + 01 

.435417 + 00 

.203717 + 00 

L - 97 

.32461? + 01 

.1317E + 01 

.4355E + 00 

.203817 + 00 

L - 98 

.32491? + 01 

.131717 + 01 

.435417 + 00 

.203817 + 00 

1/ - 99 

.324917 + 01 

.131717 + 01 

.435415 + 00 

.203817 + 00 

L-100 

.3235 E + 01 

.131715 + 01 

.435515 + 00 

.203817 + 00 

Z- - 101 

,3329£ + 01 

.132517 + 01 

.435317 + 00 

.203 7 £ + 00 

L- 102 

.339817 + 01 

.134317 + 01 

.435917 + 00 

.203817 + 00 

L — 110 

.141015 + 02 

.120015 + 03 

.491017 + 06 

.1205 E + 13 

L- 111 

.2143# + 02 

.333017 + 03 

.641217 + 07 

.2055 E + 15 

L — 112 

.719117 + 01 

.170717 + 02 

.3157 E + 04 

.498217 + 08 

( 7-2 

.317017 + 01 

.125617 + 01 

.384917 + 00 

.1647 E + 00 

(7-3 

.612017 + 01 

.1192jE + 02 

.121617 + (M 

.739217 + 07 

(7-4 

.165315? + 02 

.1916E + 03 

.1604 E + 07 

.128715 + 14 

(7-5 

.155717 + 02 

.161417 + 03 

.1040 E + 07 

.540917 + 13 

(7-6 

.680817 + 01 

.151517 + 02 

.2290E + 04 

.262017 + 08 

( 7-7 

.480617 + 01 

.382017 + 01 1 

.3227 E + 02 

.506817 + 04 

(7-8 

.134017 + 02 

.1 149E + 03 

.442617 + 06 

.9797 E + 12 

Gr - 9 

.582517 + 01 

.809115 + 01 

.383215 + 03 

.7327 E + 06 

(7-10 

.434915 + 01 

.281317 + 01 

.942315 + 01 

.4044 £ + 03 

a- 11 

.339415 + 01 

.1355£? + 01 

.432917 + 00 

.200017 + 00 

(7-12 

.758817 + 02 

.531615 + 04 

.6591 E + 10 

,217217 + 21 

(7-13 

.1238 E + 02 

.851217 + 02 

.205817 + 06 

.211717 + 12 

(7-14 

.260815 + 02 

.525317 + 03 

.201115 + 08 

.202217 + 16 

(7-15 

.368617 + 01 

.203515 + 01 

.364017 + 01 

.561915 + 02 
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Table 4.19. 75-bus system Voltage performance indices using exact load flow 


Outage 

case 

P Ipp 
(n = 1) 

PI v pf 
( n = 2) 

PIpF 

(n = 5) 

PJV 

ri PF 
(n = 10) 

L- 16 

.63645 + 01 

.15995 + 01 

.32395 + 00 

.13215 + 00 

L - 17 

.6364 £ + 01 

.15995 + 01 

.32395 + 00 

.13215 + 00 

L — 18 

.5339E + 01 

.11405 + 01 

.17375 + 00 

.59255 - 01 

L - 19 

.52785 + 01 

.10655 + 01 

.14155 + 00 

.35745 - 01 

L - 20 

.52785 + 01 

.10655 + 01 

.14155 + 00 

.35745 - 01 

L- 21 

.59845 + 01 

.13685 + 01 

.28215 + 00 

.17325 + 00 

L- 22 

.59845 + 01 

.13685 + 01 

.28215 + 00 

.17325 + 00 

L — 23 

.53705 + 01 

.10845 + 01 

.12505 + 00 

.26185 - 01 

L- 24 

.53705 + 01 

.10845 + 01 

.12505 + 00 

.26185-01 

L - 25 

.48825 + 01 

.10325 + 01 

.14925 + 00 

.40295 - 01 

L -26 

.48825 + 01 

.10325 + 01 

.14925 + 00 

.40295 - 01 

L — 27 

.48825 + 01 

.10325 + 01 

.14925 + 00 

.40295 - 01 

L- 28 

.68955 + 01 

.26995 + 01 

.70495 + 01 

.22975 + 03 

L- 29 

.68955 + 01 

.26995 + 01 

.70495 + 01 

.22975 + 03 

I - 30 

.57385 + 01 

.13175 + 01 

.27875 + 00 

.15675 + 00 

L - 31 

.48975 + 01 

.87425 + 00 

.79605 - 01 

.16285 - 0 1 

5- 32 

.48975 + 01 

.87425 + 00 

.79605 - 01 

.16285 - 01 

5- 33 

.654 65 + 01 

.18965 + 01 

.85045 + 00 

.13035 + 01 

CO 

1 

.65465 + 01 

.18965 + 01 

.85045 + 00 

.13035 + 01 

L -35 

.57985 + 01 

.13045 + 01 

.22975 + 00 

.10555 + 00 

L- 36 

.57985 + 01 

.13045 + 01 

.22975 + 0(T 

.10555 + 00 

L -37 

.57985 + 01 

.13045 + 01 

.22975 + 00 

.10555 + 00 

L- 38 

.80285 + 01 

.32725 + 01 

.74835 + 01 

.24995 + 03 

L -39 

.91815 + 01 

.32965 + 01 

.26855 + 01 

.21135 + 02 

L- 40 

.10755 + 02 

.49215 + 01 

.83875 + 01 

.13015 + 03 

5-41 

.58665 + 01 

.13945 + 01 

.35045 + 00 

.37195 + 00 

5- 42 

.54105 + 01 

.11445 + 01 

.16925 + 00 

.50515 - 01 

L — 43 

.65205 + 01 

.15905 + 01 

.36965 + 00 

.25995 + 00" 

L- 44 

.49505 + 01 

.98025 + 00 

.13595 + 00 

.52055 - 01 

L — 45 

.49505 + 01 

.98025 + 00 

.13595 + 00 

.52055 - 01 

L- 46 

.53765 + 01 

.11795 + 01 

.21655 + 0"0 

.96255 - 01 

L — 47 

.50835 + 01 

.98555 + 00 

.12335 + 00 

.38545 - 01 

1-48 

.55615 + 01 

.12245 + 01 

.21445 + 00 

.92915 - 01 

L — 49 

.53325 + 01 

.11865 + 01 

.23145 + 00 

.11435 + 00 

L- 50 

.55865 + 01 

.12115 + 01 

.17475 + 00 

.52795 - 01 

1-51 

.56935 + 01 

'.11785 + Of 

.17275 + 00 

.54165 - 01 

L — 52 

.51975 + 01 

.11465 + 01 

.20705 + 00 

.87135 - 01 
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Table 4.19 (Contd.) . . . 


Outage 

case 

PI V PF 

(n = 1) 

PIPF 
(n = 2) 

L — 53 

.550522 + 01 

.121825 + 01 

L — 54 

.525622 + 01 

.11532? + 01 

L - 55 

.554725 + 01 

.12282? + 01 

L — 56 

.5509 E + 01 

.12162? + 01 

L - 51 

.523925 + 01 

.112122 + 01 

1 

Cn 

OO 

.5070E + 01 

.108822 + 01 

L-59 

.51912? + 01 

.103522 + 01 

25 — 60 

.588125 + 01 

.143722 + 01 

L - 61 

.51662? + 01 

.11232? + 01 

1 — 62 

.5131 2? + 01 

.111922 + 01 


.469822 + 01 


1-6 5 


L — 66 


L- 67 



L - 70 


L - 71 


L -12 


.572325 + 01 

.128022 + 01 

.590925 + 01 

.13682? + 01 

.539325 + 01 

.1168E + 01 

.8221 25 + 01 1 

.561322 + 01 

.654525 + 01 

.176122 + 01 

.669725 + 01 

.18462? + 01 

.135225 + 02 

.704522 + 01 


PIp F 

( n = 5) 
.2254JE + 00 
.207222 + 00 ' 
.2259E + 00 ' 
.226622 + 00 
.1578£ + 00 
.192922 + 00 


.1152E + 00 


.446325 + 00 
.190322 + 00 


.1984# + 00 


,1984£ + 00 


.267622 + 02 


.235122 + 00 
.279622 + 00 
.217922 + 00 
.5341252 + 02 
.8212 E + 00 
.9026252 + 00 
.1475252 + 02 


P Ipp 

(n = 10) 
.106825 + 00 " 
.874522 - 01 
.107122 + 00 
.1089252 + 00 
.420222 - 01 
.741 IE - 01 


.236322 - 01 


.560522 + 00 
.705122 - 01 


.7915252 - 01 


.791522 - 01 


.328822 + 04 


.105925 + 00 
.185622 + 00 
.126625 + 00 
.9360252 + 04 
.248222 + 01 
.297525 + 01 
.531025 + 03 


.24 



L — 75 


L — 16 


L-n 


L- 78 


1-79 


L - 80 


22-81 


L -82 


L- 83 


7623252 + 01 


.434225 + 01 


483125 + 01 


5614252 + 01 


.515525 + 01 


.106022 + 02 


.8001 £ + 01 


.728325 + 01 


.585425 + 01 


.6191252 + 01 


25 + 


.447222 + 01 


.8927252 + 00 


.996725 + 00 


1203252 + 01 


113525 + 01 


.466425 + 01 


.253722 + 01 


.208322 + 01 


.132225 + 01 


.146922 + 01 


125322 + 01 


124025 + 01 


lElllljEiEllPBlBl 


iEliEXE3Elgl£lil 

IBWESiiub^Pl 




L — 85 


1 / — 86 


L — 81 


L — 88 


L- 89 




.573225 + 01 


.498425 + 01 


.521525 + 01 


«<* /■* r-r . A1 


1124J5 + 01 



ysasgjfl 


| 

fin 

1 

1 

1 
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Table 4.19 (Contd.) ... 


Outage 

case 

p ipp 
(n = 1) 

PIpp 

(n = 2) 

PI V PF 

(n = 5) 

P PpF 
(n = 10) 

L -91 

.4688£ + 01 

.974715 + 00 

. 1 54 1 15 + 00 

.507315 - 01 

L -92 

.5580# + 01 

.123615 + 01 

.2278 E + 00 

.109115 + 00 

L — 93 

.5299 E + 01 

.107215 + 01 

.135115 + 00 

.3255 E - 01 

L — 94 

.529915 + 01 

.1072,5 + 01 

.135115 + 00 

.325515 - 01 

L- 95 


.115515 + 01 

.210115 + 00 

.913815 - 01 

L — 96 

.530915 + 01 

.1155£ + 01 

.210115 + 00 

.9138 E - 01 

L- 97 

.465415 + 01 

.100615 + 01 

.1604 E + 00 

.468515 - 01 

L — 98 

.576715? + 01 

.1301S + 01 

.244315 + 00 

.1165 E + 00 

L — 99 

.5767 E + 01 

.130115 + 01 

.244315 + 00 

.116515 + 00 

L - 100 

.546215 + 01 

.120615 + 01 

.220015 + 00 

.1004 E + 00 

£ - 101 1 

.516015 + 01 

.102015 + 01 

.112315 + 00 1 

.242015 - 01 

Z, - 102 

.531815 + 01 

.1127,5 + 01 

.164315 + 00 

.480515 - 01 

G-2 

.678815 + 01 

.1934£ + 01 

.730715 + 00 

.1225 E + 01 

G- 3 

.971415 + 01 

M79E + 01 

.2395 E + 01 

.874815 + 01 

<2 — 4 

.589915 + 01 

.1385 E + 01 

.392215 + 00 

.438615 + 00 

<2-6 

.522315 + 01 

.118515 + 01 

.343215 + 00 

.429015 + 00 

G — 7 

.493815 + "01 

.1022£? + 01 

.179915 + 00 

.890215 - 01 

<2-8 

.138715 + 02 

.333915 + 02 

.990815 + 04 

.443915 + 09 

<2-9 

.588115 + 01 

.1368 E + 01 

.320615 + 00 

.2546 £? + 00 

(2-10 

.554215 + 01 

.116415 + 01 

.206215 + 00 

.1254 E + 00 

(2 — 11 

.138915 + 02 

.1379# + 02 

.207915 + 03 

.107215 + 06 

<2-13 

.749715 + 01 

.2537j5 + 01 

.2504 E + 01 

.254515 + 02 
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Table 4.20: 75-bus system- Reactive power performance indices using exact load flow 


Outage 

case 

■m i 

ires™ 

PIpp 

(n = 2) 

pjpp 
(n = 5) 

pipp 

(n = 10) 

L- 16 

.105977 + 00 

.93037? - 02 

.26427? - 04 

.34907? - 08 

L- 17 

.1059E + 00 

.93037? - 02 

.26427? - 04 

.34907? - 08 

L - 18 

.2038£ + 00 

.93157? - 02 

.16937? - 04 

.14287? - 08 

L- 19 

.22347? + 00 

.16697? - 01 

.84727? - 04 

.35797? - 07 

L- 20 

.2234 E + 00 

.16697? - 01 

.84727? - 04 

.35797? - 07 

L — 21 

.4413# + 00 

.59007? - 01 

.14427? - 02 

.101077 - 04 

L- 22 

.44137? + 00 

.59007? - 01 

.14427? - 02 

.1010£ - 04 

L - 23 

.20667? + 00 

.10047? - 01 

.85197? - 05 

.18267? - 09 

L- 24 

.20667? + 00 

.10047? - 01 

.85197? - 05 

.18267? - 09 

L- 25 

.19727? + 00 

.71597? - 02 

.20837? - 05 

.10097? - 10 


.19727? + 00 


.20837? - 05 

.10097? - 10 

L — 27 

.19727? + 00 

.71597? - 02 

.2083 E - 05 

.10097? - 10 

L- 28 

.24717? - 01 

.50547? - 03 

.18287? -07 

.16717? - 14 

1-29 

.24717? -01 

.505475 - 03 

.18287? - 07 

.16717? - 14 

L - 30 

3797 E + 00 

.92237? - 01 

.75477? - 02 

.28477? - 03 

1-31 

.24177? — 01 

.17827? — 03 

.5042 E - 09 

.1019# -17 

L- 32 

.24177? -01 

.17827? — 03 

.50427? - 09 

.10197? - 17 

L - 33 

.51067? - (H 

.99457? - 03 

.84277? - 07 

.35497? - 13 

1-34 

.51067? - 01 

.99457? - 03 

.84277? - 07 1 

.35497? - 13 


.215675 + 00 

.13227? - 01 

.35997? - 04 

.63317? - 08 


.21567? + 00 

.13227? - 01 

.35997? - 04 

.63317? - 08 


.21567? + 00 

.13227? - 01 

.35997? - 04 

.63317? - 08 

77 — 38 

.22127? + 01 

.73967? + 00 

.29467? + 00 

.21547? + 00 

1-39 

.6377 E + 01 

.9955 E + 01 

.65227? + 03 

.21157? + 07 

L- 40 

.69257? + 01 

.78477? + 01 

.14457? + 03 

.94342? + 05 

77 — 41 

.41097? + 00 

.72127? — 01 

.40837? - 02 

.83337? — 04 

77 — 42 

.78447? - 01 

.13187? — 02 

.78077? - 07 

.26517? - 13 

77- 43 

.10607? + 00 

.32147? - 02 

.57067? - 06 

.89067? - 12 

1-44 

.46287? + 00 

.31807? - 01 

.12927? - 03 

.75067? — 07 

1-45 

.46287? + 00 

.31807? - 01 

.129275 — 03 

.75067? - 07 

77 — 46 

.25597? - 01 

.1408 E - 03 

.19787? — 09 

.13467? - 18 

L — 47 

.2310£ + 00 

.789075 — 02 

.44697? - 05 

.93357? - 10 

L- 48 

.49227? - 02 

.14327? — 04 

.23897? - 11 

.28547? - 22 

L — 49 

.4601 £ — 01 

.5310 E - 03 

.59037? - .08 

.141625? — 15 

L — 50 

.69267? - 01 

.19827? - 02 

.20337? - 06 

.11647? — 12 

77 — 51 

.69397? + 00 

.18787? + 00 

.32757? - 01 

.53071? - 02 

L — 52 

.15507? + 00 

.10547? - 01 

.18317? - 04 

.14672? — 08 
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CHAPTER 4. CONTINGENCY SELECTION ANALYSIS 


Table 4.20 (Contd.) ... 



L- 53 


L — 54 


L- 55 


L - 56 


L - 57 


L - 58 


L- 59 


L - 60 


L — 61 


L — 62 


.9929 E - 02 


.802622 - 01 


.4931 jE/ — 02 


.1072E-01 


.200922 + 00 


.2172E + 00 


.2529E - 01 


.320522 - 04 


2299E - 02 


.6012E-05 


•4027E - 04 


.8468E - 11 


.389322 - 06 


.102022 - 12 


.2027 E - 10 


PIpF 

(n = 10) 


.319822 - 21 
.671622 - 12 


.473022 - 25 


.201622 - 20 


.120622 - 01 

.320322 - 04 

.507322 - 08 

.129022 - 01 

.145422 - 04 

.516222 - 09 

.1002 E - 03 

.527322 - 10 

.700722 - 20 



.5125E -02 

.208422 - 04 

.624522 - 11 

.195022 - 21 

.737122 — 01 

.248022 - 02 

.793422 - 06 

.314022 - 11 

.136322 + 00 

.571622 — 02 

.315122 — 05 

.444322 - 10 

.136322 + 00 

.571622 — 02 

.315122 — 05 

.444322 - 10 


L- 65 


L - 66 


L — 67 


L- 68 


L — 69 


L- 70 


L — 71 


L- 72 


L- 73 


L- 74 


L- 75 


L — 76 


L- 77 


L- 78 


22-79 


22-80 


L — 81 


22-82 



.186122 - 01 


.702622 + 00 
.142922 + O'T 
.446122 - 01 


.409422 + 01 


.417022 + 01 


.114822 + 02 


.895222 - 02 


.491622 — 01 


.205422 + 01 


.122422 + 01 


.103622 + 00 


.502122 - 01 


.142322 + 02 


.642822 + 01 


.341422 + 01 


.327622 - 01 


.147322 + 00 


.581722 - 01 


.226322 - 01 


.119222 - 01 


.404222 + 00 


.546622 - 01 


.407722 + 00 


.498522 + 01 


.221422 + 01 


.159422 - 03 


.181822 + 00 
.173122 + 01 
.163922 - 02 


.475122 + 01 


.502522 + 01 


.488622 + 02 


.695522 - 04 
.202122 - 02 
.825222 + 00 
.254722 + 00 
.299422 - 02 
.459 IE - 03 
.114022 + 03 
.134422 + 02 
.401222 + 01 
.629322 - 03 
.534522 - 02 
.630422 - 03 
.102722 - 03 
.137722 - 03 
.527322 - 01 
.539022 - 03 
.268822 - 01 
.268822 - OT 
543722 + 01 


.198222 + 02 


.901922 - 09 


.375522 - 01 
.125822 + 02 
.343422 - 06 


.196222 + 04 


.406622 - 17 


.704722 - 02 
.790722 + 03 
.589522 - 12 


.128422 - 09 
.581122 — 06 
.344122 + 00 
.151922 — 01 
.531922 - 06 
.198122 — 08 
.427322 + 06 
.165222 + 04 
.633922 + 02 
.254122 - 07 
.335822 - 05 
.119322 - 07 
.141422 - 09 
.712122 — 09 
.7641 E - 03 
.355022 - 08" 
.641 8E - 04 
.641 8E - 04 
.103722 + 03^ 


107122 + 11 


.824122 - 19 
.168922 - 11 
.301122 + 00 
.502722 - 03 
.103522 - 11 
.726322 - 17 
.912922 + 12 
.136222 + 08 
.194822 + 05 
.321222 - 14 
.540922 - 10 
.643622 - 15 
.922522 - 19 
.253622 - 17 
.2327 E - 05 
.411822 - 16 
.100922 - 07 
.100922 - 07 
.524322 + 05 


BTiliPl 
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Table 4.20 (Contd.) . . . 


Outage 

case 

1 

s' 

II £5 

PI'PF 
( n = 2) 

pp FF 

(n = 5) 

PIpF 

In = 10) 

L — 91 

.8760X + 00 

.1428X + 00 

.4191X - 02 

.4597X - 04 

L- 92 

.245 IX — 02 

.1130X-05 

.6077X - 15 

.6913X-30 

L — 93 

.1044X + 00 

.1661X-02 

.4788X - 07 

.4802X - 14 

L — 94 

.1044X + 00 

.1661X-02 

.4788X - 07 

.4802X - 14 

L- 95 

.6031 X - 01 

.1230X-02 

.8765 X - 07 

.3636X - 13 

L- 96 

.6 r 031X-01 

.1230X-02 

.8765 X - 07 

.3636X - 13 

L- 97 

-1035X + 01 

.4706X + 00 

.3745X 4- 00 

.6982X 4- 00 

L — 98 

.5591 X — 02 

.1118X — 04 

.6406X - 12 

.1771X - 23 

L- 99 

.5591 X — 02 

.1118X-04 

.6406X - 12 

.1771X-23 

X — 100 

.8064X - 02 

.1234X - 04 

.240 IX - 12 

.1083X - 24 

X - 101 

.351 IX — 01 

.1555X - 03 

.7914X - 10 

.9840X - 20 

1-102 

.3374X + 00 

.7215X-01 

.4214X - 02 

.8876X - 04 

G- 2 

.3980X 4- 01 

.1325X + 02 

.2040X 4- 04 

.208 IX 4- 08 

G-3 

.5867X 4- 01 

.1439X + 02 

.2103X 4- 04 

.2209X 4- 08 

G-4 

.3791X4-01 

.2549X + 01 

.5680X + 01 

.7833X + 02 

(7-6 

.3070X + 01 

.1906X + 01 

.5018X 4- 01 

.1074X 4- 03 

G-7 

: .6888X + 00 

.9238X - 01 

.3052X - 02 

.4443X - 04 

G — 8 

.4125X + 01 

.2685X + 01 

.5277X 4- 01 

.5883X 4- 02 

G- 9 

.6408X + 01 

.3859X + 02 

.2959X 4- 05 

.4377X 4- 10 

G- 10 

.7038X + 00 

.1904X4-00 

.4312X-01 

.9293X - 02 

G- 11 

.2107X + 01 

.2522X -f 01 

.3093X 4- 02 

.4785X 4- 04 

G- 13 

.3816X + 02 

.1318X4-04 

.2014X + 09 

.2029X + 18 
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Table 4. 


Loading 

method 

Base 

PIp F 

case 


1.0% 

PIp F 

increase 

>— t 

b e 

b 

2.0% 


increase 

PIdf 

1.0% 

PIff 

decrease 

PIl)F 

2.0% 


decrease 

PIjDF 


Ranking of contingencies 

X-110,X-111,X-112,G-5,G-12,G-14,G-15,G- 
8,G — 11,X — 68,X-73,i— 90,X-64, X-71,i-40,X — 
38, i - 78, L - 28, L - 29, L - 39, G - 13, G - 3 
X — 110,X—111,X — 112,G-5,G—12,G—14,G—15,G— 
8, G — 11, X — 68, X — 73, X — 90, X — 64, X — 71,X— 40, X — 

38, L - 78, L - 28, L - 29, 1 - 39, G - 13, G - 3 
X-40,~X-71,X-78,X-79, X-110,i-lll,X- 112, G- 
5,G-8,G—12,G-13,G-14,G-15,G—11,X — 90,X — 
68, X — 73,X — 64,X — 38,G — 3,X — 39,X— 28,X — 29,X — 
70,1 -69,1- 80, G-4 

T- 110, X-111,X-112,G-5,G-12,G-14,G-15,X- 
90, G - 8, G — 4, X - 40, X - 38, G - 10, i — 64, G- 7, T - 
36, X - 37, X - 35, X - 41, X - 66, G - 13, G - 11, X - 
76, X - 46, X - 52, X - 77, X - 49, X - 55, X - 100, X - 
53,X-95,X-61,X-80,X-54,G-3,X-78,X-69,i- 

39, X— 42, X— 68, X— 51, X — 70, X— 28, X— 29, X — 71,X — 
23, X — 24, X — 73, X — 79 


X — 38,i — 39,X—40,X — 69,X — 70,X — 71,X — 78,X — 
79, X — 90, X — 110, X — 111, X — 112, G — 3,G — 4,G — 
5,G — 6,G — 8,G — 11,G — 12,G—13,G — 14,G — 15,X — 
64,X — 68,X — 73,X — 28,X — 29,X — 80,G — 2,X — 33,X — 
34, G — 9,G — 10, X — 72, X — 41, G — 7 
X — 110, X — 111,X— 112,G— 5, G— 12,G— 14, G— 15, X— 
90,G-8,X-36,X-37,X-35,X-41,X-38,X-40,G- 

10, X-57,G — 7,X-86,X-58,X-87,X — 62,X — 63,X — 
21, X— 22, X— 25,X— 26, X— 27, X— 51, G—13,X—93,X— 
94,X — 95,X-96,X-69,X-54,X-46, G-11,X— 47,X— 
42, X — 76,G — 9X — 64,X — 80,G — 6,G — 4,i — 49,X — 
56,X-48,X-79,X-78,G-3,X-68,X-73,G-2,X- 
71,X— 39, X — 70,X— 28, X— 29,X— 23, X— 24, X— 33, X — 

34, X -72 

X — 110, G — 12, G - 15, G - 8, G - 11 , X - 68, X — 73, X — 

64, X - 90, X — 28, X — 29, X — 38, X — 71, X — 111 
G— 15, X— 71, X— 79, X— 39, G-3, G-8, G-4, X-69, X- 

11, X — 110, G— 11, X— 38, X-40, G— 2, G— 12, X— 64,G— 

7, X — 66, X — 31 , X - 73, X - 68, X — 90, X — 28, X — 29 
G — 12, G-15, G-8, G-11,X-68,X-73,X — 64, X — 9U 

G — 12, G — 15, X — 90, X — 71, X — 79, G — 14, X — 39, G'— " 

3,X-lll,G-8,G-4,X-110,X-68,G-5,i-38,X- 
40,G— 11,G— 4,X — 70, G-10,X-64, G — 7,X — 73,X — 


22/49 



29/63 



10/24 


17/25 
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Table 4.22: 75-bus system- Optimal weights for voltage performance indices 


Bus no. 

Weights 

Bus no. 

Weights 

Bus no. 

Weights 

2 

-.37258E+03 

27 

-.45588E+03 

52 

-.26237E+04 

3 

0.6381 7E+02 

28 

0.12871E+03 

53 

0.10107E+03 

4 

0.41091 E+03 

29 

0.30359E+04 

54 

0.73722E+03 

5 

0.12456E+04 

30 

-.11948E+04 

55 

-.10621E+05 

6 

0.13138E+04 

31 

-.14786E+04 

56 

-.85094E+03 

7 



0.17072E+04 

32 

0.28256E+04 

57 

0.25366E+04 

8 

0.87260E+03 

33 

-.74802E+03 

58 

0.21961E+04 

9 

0.11886E+01 

34 

0.35279E+04 

59 

0.34142E+04 

10 

0.27053E+02 

35 

-.41239E+03 

60 

0.451 89E+03 

11 

0.70764E+03 

36 

0.48189E+03 

61 

-.32781E+03 

12 

0.15428E+01 

37 

-.44265E+02 

62 

-.33963E+04 

13 

0.13961E+01 

38 

0.11748E+03 

63 

-.23961E+04 

14 ' 

-.67597E+03 

39 

-.26367E+04 

64 

0.42233E+04 

15 

-.10471E+04 

40 

0.15400E+02 

65 

0.12229E+03 

16 

0.12559E+03 

41 

-.15874E+05 

66 

-.22656E+05 

17 

0.11540E+03 

42 

-.61199E+04 

67 

-.64078E+01 

18 

0.59971E+02 

43 

-.28825E+04 

68 

0.95620E+00 

19 

-.80742E+02 

44 

-.50649E+04 

69 

0.69709E+01 

20 

-.15293E+04 

45 

0.31865E+04 

70 

-.59899E+03 

21 

-.64941E+02 

46 

-.36549E+04 

71 

-.59452E+03 

22 

0.48357E+04 

47 

-.15336E+01 

72 

0.79184E+03 

23 

-.10349E+03 

48 

0.35564E+02 

73 

-.13027E+04 

24 

-.53031E+01 

49 

0.25847E+0i 

74 

-.12374E+03 

25 

0.238 12E+04 

50 

0.32855E+04 

75 

0.48906E+04 

26 

0.13760E+03 

51 

0.53422E+03 

— 
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Table 4.23: 75-bus system- Reactive power ranking at different loading 


Loading 

method 

Ranking of contingencies 

Base 

PIp F 

X — 110,X — 111,X — 112,G—5,G — 12,G—14,G—15,G— 
13, X - 78, X - 71 , G - 9, G - 3, G - 2, X - 79, X — 39, X — 
40, X — 70,X — 90 

case 


X-110,X-111,X-112,G-5,G-12,G14,G-15,G- 
8, <7 — 2, G — 5, X — 74, X — 75, X — 71, X — 91, X — 38, X — 
79, X—41,X—39,X—40,X—70,X—90,X—69,G—13,X— 
93,X~94,G— 11,X— 23,X — 24, X— 64,X— 21,i— 22, X— 
25, X — 26, X — 27, G - 9 

2.0% 

PI FF 

X — 38,X — 39,X — 40,X — 69,X — 70,X — 71,X — 78,X — 
79,X- 90,X- 110,X- 111,X- 112,G — 3,G — 4,G — 

5, G-8,G-11,G-12,G-13,G-14,G — 15,G — 9,G — 

6, G — 2, X — 80, X — 64, X — 67 

increase 

PI’df 

X-110,X-111,X-112,G-5,G-12,G-14,G-15,X- 
90,G — 8,G — 5,G — 2,G—10,X — 71,X — 38,G — 13,X — 
40, G— 11, X — 39, X— 64, X— 23,X— 24,X— 41,X— 35,X— 
36, X — 37, X — 79, X — 69, X — 21, X — 22,G-9,X-70,X- 
66, X - 43 

' 2.0% 

PI FF 

G — 12, G — 15,G — 13,G — 9,i — 71,G — 2,X — 78, X — 
110,X — 90 

decrease 

PI hr 

X — 110,X — 111,X — 112,G—5,G—12,G—14,G—15,X— 
90,G — 8,G — 2,X — 71,X — 70,X — 39,G — 5,X — 69,X — 
79, X — 38, G — 3, G — 4, G — 6, G — 13, X — 74, X — 64, X — 
75, X — 40, G - 11, G — 9 


Table 4.24: 75-bus system- Optimal weights for reactive power performance indices 


Bus no. 

Weights 

Bus no. 

Weights 

Bus no. 

Weights 

1 

0.11991481E+00 

6 

0.58939597E+08 

11 

-0.33428567E+06 

2 

-0.516481 34E+09 

7 

-0.74733740E+01 

12 

0.781 82499E+08 

3 

0.17991880E+1(T 

8 

-0.10935711E+10 

13 

0.10000002E+01 

4 

0.83966756E+09 

9 “ 

0.33335191E+03 1 

14 

0.11165636E+06 

5 

-0.58996782E+09 

10 

-0.15351267E-4-08 

15 

0.338 74526E+09 
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(iii) The optimal weights calculated on a base case loading can be effectively used to 
define performance indices for small change in system loading conditions. The op- 
timal weights are found to be effective up to ±3.0%, +3.0% and ±1.0% change in 
the 14-bus, 30- bus and 75-bus systems, respectively. 

(iv) For voltage contingency selection, the voltage performance indices, in general, has 
provided better results as compared to the reactive power performance indices. 



Chapter 5 


A Genetic Algorithm Based Loss 
Minimization Technique 


5.1 Introduction 

In the present crisis of energy, all over the world, particularly in developing countries 
like India where transmission and distribution (technical) losses are quite high [124], 
the importance of reducing the system transmission loss is of great significance. This 
can be achieved by proper allocation of power outputs of sources. Optimal power flow 
(OPF) determines the optimal settings of outputs of sources in view of achieving certain 
objective(s). Some of the objectives considered in the formulation of the optimal power 
flow problems are the minimization of total fuel cost of thermal plants [10,76,96,144, 
145,148], minimization of emission level [57], minimization of system transmission loss 
[26,29,33,67,86,120,129] or bus voltage deviations [7]. The review of various optimal 
power flow methods are reported in references [16,73,97,137]. 

Loss minimization is a subproblem of the optimal power flow which is conventionally 
used to determine optimal settings of reactive power output of sources. It has also been 
termed as optimal reactive power dispatch (ORPD) problem. To determine the optimal 
power settings of real power output of sources, the economic dispatch subproblem of OPF 
has been utilized, which minimizes the total fuel cost of generation. 

Many a time, particularly in India, the cost characteristics of generating units are not 
available. Hence, real power dispatch, based on economic criteria, can not be formulated. 
However, utilities require some guidelines to optimally adjust the real and reactive power 
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settings of sources. One possible criteria to decide the optimal settings of sources, in 
absence of cost characteristics, can be based on the system transmission loss minimization. 
Moreover, any reduction in the transmission loss adds to the load delivering capacity of the 
system and helps those utilities in meeting additional demands which are facing shortage 
of generation. 

Several methods have been reported, in past, to solve the OPF problem. Some of 
them include classical method based on Lagrange multiplier approach [81,109,115,142, 
155], linear programming (LP) method [49,59,60,89,92], quadratic programing (QP) 
method [10,41,52], reduced gradient method of Dommel-Tinney [6], generalized reduced 
gradient method [107], differential injection method by Carpentier [42], Newton’s method 
[40,98,139,160], successive QP [66,157], interior point method [117,128,135,143] and 
continuation method [70,87] etc. 

Genetic algorithm (GA) [69] is becoming popular to solve the optimization problems 
mainly because of its robustness in finding optimal solution and ability to provide near op- 
timal solution close to the global minimum. Genetic algorithms employ search procedures 
based on the mechanics of natural selection and survival of the fittest. They are often 
used as parameter search techniques which manipulates coding of the parameter set to find 
near optimal solution. GA can be used to find approximate global optimum of even those 
function having a large number of local optima. It has been recently applied to power 
system problems such as for load flow [106], optimal reactive power dispatch [138,146], 
economic dispatch [136,149], optimal hydro-generator control parameter tuning [126] and 
distribution system design and operational problems [119,133,153,158]. 

In this Chapter, the loss minimization problem has been formulated to obtain the 
optimal settings of both real and reactive power outputs of the sources and has been 
solved using genetic algorithm. This formulation considers various system constraints such 
as limits on source outputs (Pq and Qa) and bus voltage magnitudes ( V). The results 
have been obtained on IEEE 14-bus & 30-bus systems and a practical 75-bus system 
derived from U.P. State Electricity Board network and compared with those obtained 
from Fletcher’s quadratic programming (FQP) [52,71] method. 
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5.2 Conventional Loss Minimization Model 

Conventionally, a loss minimization problem is formulated as optimal reactive power dis- 
patch problem. The optimal reactive power dispatch problem minimizes the total system 
real power transmission loss (Pi) to determine optimal settings of reactive power output 
of sources and transformer (OLTC) tappings. It can be mathematically written as 

Minimize Pi (5.1) 

subject to reactive power balance equation 

Nq 

E ~ Ql — Qd = 0 (5.2) 

«=i 

and set of inequality constraints 


Q§i n < q g , < qst 

* = !»••• 

:Ng 

(5.3) 

ymln < y < T/.max 

r t — r i — r t 

* = !»•• 

...N 

(5.4) 

tr<u< 

i = 1 , . 

.... N a 

(5.5) 


where 

Ql ■ Total system reactive power loss 
Qgi : Reactive power output of source-z 
Qd : Total reactive power demand of the system 
V{ : Voltage magnitude at bus-z 

t x : On-load tap changer (OLTC) setting of transformer-z 

N q : Total number of reactive power sources 

N : Total number of buses in the system 

N a : Total number of transformers with OLTC provision 

The objective function P L and reactive power loss Q L has been expressed in several 
work using an exact loss formulation [2] as given below 

p L = EE MW, + Q*Qj) + 

i=l j=l 

Ql = EE [Tv ( p tPj + QtQj) + C*j(Q* p j ~ 

t=l j=l 


(5.7) 
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where 


Q!jj 

= Mv, cos (A ~ A ) 

A, 

~ V.V, s * n (A ~ A) 

7.j 

= viv^ cos (A ~ <5j) 

Cl, 

II 

CO 

5‘ 

1 

p* 

Q . 

r*j +JX t] 

: Net real power injection at bus-i 
: Net reactive power injection at bus-i 

: ij t/l element of Z^ us matrix 


Other loss formulae for Pl and Ql have also been used for the reactive power dispatch 
problem [95,132,142]. 

5.3 Proposed Optimal Power Flow Model 

The proposed model of loss minimization problem has been formulated to obtain both 
real and reactive power settings of sources in view of minimizing the total system real 
power 'transmission loss subject to the system operating constraints. Mathematically, it 
can be written as 

Minimize Pl (5-8) 

subject to real and reactive power balance equations 

N g 

EP Gt -PL-PD = 0 

i = 1 

N q 

E Qgx — Ql — Qd = 0 

i=i 

and set of inequality constraints 

p%r<p Gt <p%r i = i, 

Qg? < Qai < Q& x i = l. N o 

<Vi < V^ rnax i = l, N 


(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 
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./min ^ 4 / /max * * %T 

* = 1, N a (5.14) 

where N g is the total number of generating plants (real power sources) out of N q reactive 
power sources. The objective function (real power loss) Pi and reactive power loss Qi 
have been expressed using the exact loss formulae (equations (5.6) to (5.7)) in the present 
work. 


5.4 Overview of Genetic Algorithm 

5.4.1 General 

Genetic algorithm is an optimization method based on the mechanics of natural selection 
and natural genetics. Its fundamental principle is that the fittest member of population 
has the highest probability for survival. 

The most familiar conventional optimization techniques fall under two cotegories viz. 
calculus based methods and enumerative schemes. Though well developed, these tech- 
niques possess significant drawbacks. Calculus based optimization generally relies on 
continuity assumptions and existence of derivatives. Enumerative techniques rely on spe- 
cial convergence properties and auxiliary function evaluation. The genetic algorithm, on 
the other hand, works only with objective function information in a search for an opti- 
mal parameter set. The GA can be distinguished from other optimization methods by 
following four characteristics [69]. 

(i) The GA works on coding of the parameters set rather than the actual parameters. 

(ii) The GA searches for optimal points using a population of possible solution points, 
not a single point. This is an important characteristic which makes GA more pow- 
erful and also results into implicit parallelism. 

(iii) The GA uses only objective function information. No other auxiliary information 
(e.g. derivatives etc.) are required. 

(iv) The GA uses probabilistic transition rules, not the deterministic rules. 
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Figure 5.1: Graph of function f(x) 

5.4.2 Components of Genetic Algorithm 

Genetic algorithm is essentially derived from a simple model of population genetics. It 
has five following components [50]: 

(i) Chromosomal representation of the variables characterizing an individual. 

(ii) An initial population of individuals. 

(iii) An evaluation function that plays the role of the environment, rating the individuals 
in terms of their fitness that is their aptitude to survive. 

(iv) Genetic operators that determine the composition of a new population generated 
from the previous one by a mechanism similar to sexual reproduction. 

(v) Values for theparameiers that the GA uses. 

These five components can be easily understood by considering optimization of a 
simple function. Consider a function f(x) of single variable x which is shown in Fig. 5.1 
and defined as, 


/(x) = x.sin(7rx) 


(5.15) 
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The problem is to find x in the range [-0.5, 1.0] which maximizes the function /, i.e., to 
find x 0 such that 

f(x 0) > /(z), for all x e [-0.5, 1.0] 

(5.16) 

It is relatively easy to analyze the function /. The zeros 
be determined. 

of the first derivative f should 

f'(x ) = sin (tcx) + 7r.xcos (7rxj = 0 

(5.17) 

or 


tan (7 r.x) = —ttx 

(5.18) 


It is clear that the above equation has an infinite number of solutions 
+ e, fori = 1,2 ,... 

0 for i = 0 (5.19) 

— e, for i = — 1, — 2 , . . . 

where e, represents decreasing sequences of real numbers approaching to zero. 

The function / has two maxima at -0.5 and 0.5+ei and two minima at x=0.0 and 1.0 
in the range [-0.5, 1.0]. The function reaches its global maximum at x = 0.6501 where 
f(x ) = 0.5719 is slightly higher than /(0.5) = 0.5. The major components of GA to solve 
the problem are as follows. 

5.4. 2.1 Representation 

Because GA is based on natural genetics, there exists strong analogies between genetic 
algorithm and natural genetics. In GA, the features characterizing an individual are often 
binary coded in bits (e.g. 0 5 and l s ) and concentrated as string. The strings are similar to 
chromosomes in biological systems, where the chromosomes are composed of genes which 
may take any of several forms called alleles. 

The length of string depends on the precision required. In the above example, assume 
that the precision is required up to four place after the decimal point. The domain of 
the variable x has length 1.5. The precision requirement implies that the range [-0.5, 1.0] 
should be divided into at least 1.5*10000 equal size ranges. This shows that 14 bits are 
required, since 

2 13 (= 8192) < 15000 < 2 14 (= 16384) 

The binary string < 014013 01 > can be converted at base 10 as 
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14 

(< a 14 a 13 ....a J >) = (£a t .2 i_1 ) = x 1 (5.20) 

1—1 

and the corresponding real number x will be 
,length of domain 

x = * 2no 0 f bits _ \ + ( left boundar y of domain) (5.21) 

Thus, a chromosome (10000101110110) represents the number 0.31871, since 
x' = (10000101110110) = 8942 and x- -0.5 + 89422^-= 0.31871 
The chromosomes (00000000000000) and ( 11111111111111 ) represent boundaries of 
the domain -0.50 and 1.0, respectively. 


5.4. 2.2 Initial Population 

GA does not work with a single string but with a population of strings, which evolves 
iteratively by generating new individuals taking the place of their parents. To begin, the 
initial population is generated at random or through the use of specified information. 


5.4. 2.3 Evaluation Function 

The performance of each structure of string is evaluated according to its fitness , which is 
defined as a non-negative figure of merit to be maximized. It is associated directly with 
the objective function value (/) in the optimization. GA treats the problem as a black 
box in which the input is the structure of the strings and the output is its fitness. Because 
GA proceeds only according to the fitness of the strings and not to other information, the 
properties of the fitness will influence the GA’s performance. 

The evaluation function F e for binary vector C is equivalent to the function / 

F e (C) = f(x) 

where the chromosome C coresponds to the real value x. The evaluation function 
plays the role of the environment, rating potential solutions in terms of their fitness. For 

example, three chromosomes 

Cl = (10001011101101) 

C 2 = (00000011100000) 

C 3 = ( 11100000001111 ) 

correspond to values xi = 0.3186, xj — —0.4795 and 23 = 0.8140, respectively. The 
evaluation function would rate them as follows 
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Pe(Ci) = f(x i) = 0.2682 

F e (C 2 ) = f(x 2 ) = 0.4785 

F e (C 3 ) = f(x 3 ) = 0.4491 

The chromosome C 2 is the best of the three chromosomes because its evaluation value 
is the highest. 

5. 4. 2.4 Genetic Operators 

With an initial population of individuals of various fitnesses, the operators of GA begins 
to generate a new and improved population from the old one. A simple genetic algorithm 
consists of three basic operators : reproduction, crossover and mutation. 

Reproduction (Selection): Reproduction or selection is simply an operation, whereby 
an old string is copied into a mating pool according to its fitness. More highly fitted strings 
(i.e. with better values of the evaluation function) receive a higher number of copies in 
the next generation. There are many ways to do this. One commonly used technique is 
Roulette wheel parent selection. 

Roulette wheel parent selection 

The following steps are carried out in Roulette wheel parent selection algorithm. 

(1) Sum the fitnesses of all the population members ( say n in numbers). Call it as total 

fitness. 

(2) Generate n random numbers(r t ) between 0 and the total fitness. 

(3) Select a population member whose cumulative fitness obtained from adding its fit- 
ness to the fitnesses of the proceeding population members, is greater than or equal 
to r,- (i=l,...,n). 

The elfect of Roulette wheel parent selector is to return a randomly selected parent. 
Although this parent selection procedure is random, each parent’s chance of being selected 
is directly proportional to its fitness. It is possible that the worst population member could 
be selected by this algorithm. Such an occurence would inhibit the performance of genetic 
algorithm using this selection techniques. But the odds of this happening in a population 
of any size are negligible [99]. 



CHAPTER 5. A GENETIC ALGORITHM TECHNIQUE 


124 


Table 5.1: Roulette wheel parent selection 


Chromosome(z) 

1 

2 

3 

4 

5 

Fitness(/,) 

0.1538 

0.5352 

0.0739 

0.4805 

0.3851 

Running Total(f?/,) 

0.1538 

0.6890 

0.7629 

1.2434 

1.6285 

per cent age( y4y . 1 00 ) 

9.44 

32.86 

4.54 

29.51 

23.47 


Table 5.2: Selection of chromosomes 


Random Number(r,) 

0.250 

1.173 

0.567 

1.189 

0.294 

Chromosomes chosen 

2 

4 

2 

4 

2 


This algorithm is referred to as Roulette wheel selection because it can be viewed 
as allocating pi-shaped slices on Roulette wheel to population members, with each slice 
proportional to the member’s fitness. Selection of a population member to be a parent can 
then be viewed as a spin of the wheel. This parent selection technique has the advantage 
that it directly promotes reproduction of the fittest population members by biasing each 
member’s chance of selection in accordance with its evaluation. 

Table 5.1 shows the fitness of five chromosomes, running total of their fitness and 
percentage of fitness. Fig. 5.2 shows the Roulette wheel and Table 5.2 shows the chro- 
mosome that would be chosen by the Roulette wheel algorithm using these fitness values 
for each of 5 randomly generated numbers. This technique can be used for only those 
chromosomes whose fitness values are positive numbers. 

Crossover: Crossover is a randomized yet structured recombination operation. Simple 
crossover may proceed in two steps. Firstly, the newly reproduced strings in the mating 
pool are mated at random. Secondly, crossover of each pair of strings are done as follows. 

(i) An integer position p along string is selected at random in the intervals [1,L 1], 
where L is the string length. 

(ii) Two new strings are created by swapping all characters between position 1 and p 
inclusively. 
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Figure 5.2: Roulette wheel 

Let us consider the crossover operator on chromosomes C 2 and C 3 . Assume that the 
crossover point was (randomly) selected after the 5th gene 
C 2 = (00000 011100000) 

. C 3 = (11100 000001111) 

The two resulting offspring will be 
C ' 2 = (00000 000001111) 

C' z = (11100 011100000) 

The offspring evaluate to 

Fe(C' 2 ) = /(— 0.4986) = 0.4986 
Fe(C' z ) = /(0.8331) = 0.4171 

This shows that offspring C ' 2 has a better evaluation than both of its parents. Crossover 
exchanges corresponding genetic material from two parent chromosomes, allowing bene- 
ficial genes of different parents to be combined in their offsprings. 

Mutation: Reproduction and crossover effectively search and recombine the existing 
chromosomes. However, they do not create any new genetic material in the population. 
Mutation is capable of overcoming this shortcoming. It is an occasional random alteration 
of a string position. In the binary string representation, this simply means changing a 1 
to 0 or vice versa. This random mutation provides background variation and occasionally 
introduces beneficial materials into the population. 
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Consider the mutation operation on a chromosome C 3 and say that the 3rd gene is 
selected for mutation then 

Cg = (11 000000001 111) 

The corresponding values of x" - 0.6264 and Fe(x ") = 0.5777 show an improvement 
over the original value of Fe(C 3 ) = 0.4491. 

5. 4. 2. 5 Parameter Values 

Like other stochastic methods, GA requires a number of parameters such as population 
size, probability of crossover, probability of mutation that must be selected. Usually, rela- 
tively small population size, high crossover probability (P c ), and low mutation probability 
(Pm) inversely proportional to the population size, are recommended [69]. The selection 
of optimal values of these parameters is generally done through hit and trails. However, 
the value of P c generally lies between 0.6 to 0.8 and of P m between 0.0001 to 0.1 [45,121]. 
A general flow chart of genetic algorithm including all these components is given in Fig. 
5.3. 

5.4.3 Some Other Aspects of GA 

The theoretical foundation of GA is based on a fundamental theorem as described in 
Appendix- A. Some other aspects of genetic algorithms are explained below. 

5. 4. 3.1 Multiple Path Search 

Most of the optimization approaches are single path search algorithms. Starting from an 
initial condition, they improve the state variables in every iteration. There is a single 
path from an initial condition through a converged solution. The multiple path search 
has various possible solutions in every iteration. In GA, the iteration and number of these 
states are called generation and populations, respectively. Every intermediate point in the 
same generation can interchange information with each other. The larger the population, 
the greater the possibility of converging to the global optimum. Although there is no 
guarantee that it will be global, it is more likely to be so. The multiple search may he 
essential in long range planning for power systems, since there is no promising initial 
conditions in significantly changed systems. 
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I=I+i 



Generate initial 
population (P) 


G=1 


Reproduction 


1=1 


Crossover operation 


Mutation operation 



G=G+1 


Figure 5.3: A general flow chart of genetic algorithm 
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5. 4. 3. 2 Fitness Function 


In many problems, the objective is more naturally stated as the minimization of some 
cost function f(x) rather than the maximization of some utility or profit function u(x). 
Even if the problem is in maximization form, this does not guarantee that the function 
will be non-negative for all x. A fitness function must be a non-negative figure of merit. 
Hence, it is often necessary to map the objective function to a fitness function form. In 
normal operations research work, to transform a minimization problem to a maximization 
problem, cost function can be multiplied by minus one (-1). In GA, this may not be 
sufficient because it is not guaranteed to be non-negative in all instances. The following 
cost-to-fitness transformation is commonly used. 


F(x) = 


Cmax ~ f(x) where f(x) < C, 
0 otherwise 


(5.22) 


There are a variety of ways to choose the coefficient C max . C max may be taken as an input 
coefficient, as the largest / value observed thus far, as the largest value in the current 
population, or the largest of the last k generations. Perhaps more appropriately, C max 
should vary depending on population variance. 

Some additional measures are helpful in defining the fitness function known as scaling 
mechanism. 


1. Linear Scaling: In this method the actual chromosome’s fitness is scaled as 

F t = af t + b (5.23) 

The parameters a and b are normally selected so that the average fitness is mapped to 
itself and the best fitness is increased by a desired multiple of the average fitness. This 
mechanism, though quite powerful, can introduce negative evaluation values that must 
be dealt with. In addition, the parameters a and b are normally fixed for the population 
life and are not problem dependent. 

2. Sigma Truncation: This method was designed as an improvement of linear scal- 
ing both to deal with negative evaluation values and to incorporate problem dependent 
information into the mapping itself. The new fitness is calculated according to 


F t = f, + (f — c.a) 


(5.24) 
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5.5 Loss Minimization Solution using Genetic Algo- 
rithm i 

Some of the considerations in implementing the genetic algorithm to the solution of pro- 
posed optimal power flow model formulated in section 5.3 as loss minimization problem 
are as follows: 


5.5.1 Fitness Function 


The OPF model described in sectiond5.3 has two equality constraints and four sets of 
inequality constraints. The equality constraints (equations (5.9) and (5.10)) have been 
included in the objective function using Lagrange multipliers A x and X 2 . The augmented 
objective functions can be written as t 


'No 


'N a 


fa = Pl - Ai MT) Pgi - Pl — Pd - A 2 I X) Qa -Ql-Qd 


( 5 . 26 ) 


i«=i 


u=i 


The functional inequalities, in generaf, can be expressed in the upper bound and lower 
bound forms as . ■» 


r, < r; 




i = 1 p 
i = I,....,? 


(5.27) 

(5.28) 


These can be included in the objective^ unction using a set of penalty functions, as given 
below 

/' = /. + «> i E (C" - + w»E (* - C”) 2 ( 5 - 2i) ) 

1 = 1 1=1 

where uq and w 2 are the constant penalty factors associated with upper and lower bound 
inequalities, respectively. The Lagrange multipliers Ai and A 2 , however, have been taken 
as variables, to be determined by GA. • 

In the present work, the OPF model has been used to obtain the optimal real power 
(Pg) and reactive power (Qg) outputs of sources. The transformer taps (t) have not been 
considered in the model and have been! assumed to be fixed at their base case values. 

Further, all the functional inequalities are required to be expressed in terms of variables 
Pg and Qq. Voltage constraints (equation (5.13)) have been considered as functional 
inequalities which can be expressed in terms of real and reactive power outputs of sources 
using sensitivity matrix [S'] as defined in the section 3.4 as following. 
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A S 


's, s,] 

" A P ' 

. AV 7 V . 


1 

to 

. CO 

to 

1 

. A< ? . 


which provides 


av = v° 


s 3 s 4 


A P 
A Q 


(5.30) 


(5.31) 


Using above linearized relationship for AV, the inequality constraints for bus voltage 
limits can be written as 


V m,n < V°[l + S 3 {P G - Pq) + S 4 {Qg - Qg)] < V max 


(5.32) 


where (.)° are the base values and [S 3 ] k, [S 4 ] are the submatrices of sensitivity matrix [S] 
which can be computed at the base operating point as given in section 3.4 of Chapter 3. 

Since GA works on maximization principle and the objective function should be non- 
negative, the following fitness function has been used. 

F — f when /'■ < F 
0 otherwise 


(5.33) 


Where F is a large baseline Value. The GAucsd program [140] has been used to solve 
the OPF problem which uses a sigma scaling for selecting the value of F. F is selected as 
the average value of objective function* // plus a factor derived from its standard deviation 
as given in section 5.4. 3.2. 


5.5.2 GA Parameters 

The GA routine requires fixing of its parameters viz crossover probability (P -), mutation 
probability (P m ), population size and string length. The values of P c and P m were selected 
by plotting loss figures obtained from OPF as function of these parameters. Experimen- 
tation with different values of P m , P c and population size were done for all the three 
systems and the values which resulted into minimum objective function were selected. 
The following parameters were -selected. for the study. 

(a) IEEE 14-bus system 

P c = 0.650 

P m , =. 0.00200 

No. of bits per string =■ c 8 
Population size = 11 -‘ 100 
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(b) IEEE 30-bus system 

P c = 0.600 

P m = 0.00075 

No. of bits per string = 8 

Population size = 130 

(c) 75-bus UPSEB system 

P c = 0.600 

P m = 0.00056 

No. of bits per string = 5 

Population size = 1200 

The number of bits per string was selected based on accuracy required. For IEEE 14- 
bus and 30-bus systems it was considered up to second place after decimal point. However, 
it was taken only up to first place of decimal point for the 75-bus UPSEB system. The 
restriction on accuracy was in view of limiting the computational time, which increases 
as the number of bits increases. 

5.5.3 Solution Steps 

Following major steps are involved in solving the optimal power flow problem by genetic 
algorithm. 

Step-1: With the given network conditions, run a base load flow. Calculate the loss 
coefficients (a,/?, 7,C) of equations (5.6) to (5.7) and sensitivity matrix [5]. 

Step-2: Run GA to obtain optimal real and reactive power settings of sources. 

Step-3: Fixing the outputs of sources as obtained in step-2 (except slack bus), run the 
final load flow. 

5.6 Numerical Results and Discussions 

The proposed optimal power flow model based on GA has been tested on IEEE 14-bus 
and 30-bus systems, and a practical Indian system derived from U.P. State Electricity 
Board (UPSEB) network which are given in Appendices-B, C and D, respectively. The 
75-bus system represents all 220 kV and 400 kV buses of UPSEB network and contains 
114 lines and 15 generators. The results have also been obtained with Fletcher s quadratic 
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programming (FQP) method for optimization [52,71] and compared for the following two 
case studies. 

Study- 1 . Real power loss minimization without considering voltage constraints. 

Study-2 : Real power loss minimization with voltage constraints. 

The upper and lower limits of bus voltage magnitudes were taken as 1.10 and 0.90 pu 
for IEEE 14-bus 30-bus systems and 1.07 & 0.95 pu for 75-bus system. A comparison 
of total transmission loss value obtained after solving the loss minimization problem using 
GA and FQP are given in Table 5.3. 

The optimal values of real and reactive power outputs ( in pu) of sources for both the 
case studies are presented in Table 5.4 for IEEE 14-bus system, in Table 5.5 for IEEE 
30-bus system and in Table 5.6 for 75-bus system. The bus voltage magnitudes obtained 
by the two methods in two case studies are given in Table 5.7, Table 5.8 and Table 5.9 
for the 14-bus, 30-bus and 75-bus systems, respectively. 

From Table 5.3, it is observed that the GA based methodology is able to minimize 
the transmission loss (in MW), in almost all the test cases, to lower values as compared 
to those obtained by the FQP method. The loss reduction in study-2 is approximately 
47%, 54 % and 8.1% in IEEE 14-bus, IEEE 30-bus and 75-bus UPSEB systems from their 
base values. In the study- 1, though the loss reduction is more significant, voltages at 
some of the buses violated their limits. From Tables 5.7, 5.8 and 5.9, it is observed that 
the voltage at those buses which were violating the operating limits in the study-1, were 
brought down within their acceptable limits in study-2. 

The transmission loss in IEEE 30-bus system by solving only optimal reactive power 
dispatch problem using GA [138] was also obtained. It was found to be 15.20 MW which is 
quite close to the base case value (15.32 MW) and much higher as compared to 7.57 MW 
obtained with the proposed method considering both real and reactive power optimization. 

5.6.1 Economic Benefits of Loss Minimization 

In order to appreciate the economic benefits offered by the proposed loss minimization 
technique, a calculation of energy saving and associated financial benefit was done. The 
transmission loss reduction in 75- bus system was 16.31 MW corresponding to a peak load 
condition. The load factor (LF) of UPSEB is approximately 0.53 and energy generated 
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Tabic 5.3: Comparison of system transmission loss in MW 


Method 

14-bus system 

30-bus system 

75-bus system 

Study- 1 

Study-2 

Study-1 

Study-2 

Study- 1 

Study-2 

Base case 

11.61 

11.61 

15.32 

15.32 

200.80 

200.80 

FQP 

6.43 

6.33 

6.83 

7. 57 

181.85 

184.57 

GA 

6.44 

6.20 

6.82 

7.05 

167.97 

184.49 


Table 5.4: 14-bus system- Optimal settings of sources (in pu) 


Gen. 

No. 

Base case 

FQP 

GA 

Study- 1 

Study-2 

Study- 1 

Study-2 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

1 

2.106 

-.171 

0.654 

-.362 

0.653 

-.034 

0.642 

-.360 

0.646 

-.159 

2 

0.400 

0.306 

1.000 

0.295 

1.000 

0.191 

1.004 

0.038 

1.000 

0.302 

3 

0.200 

0.190 

1.000 

0.185 

1.000 

-.003 

1.000 

0.198 

1.003 

-.029 

4 


0.199 

— 

0.185 

— 

0.205 

— 

0.316 

— 

0.313 

5 


0.162 

— 

0.130 

— 

0.075 

— 

0.239 

— 

-.010 


per annum is approximately 28000 MU [141]. The corresponding loss load factor (LLF) 
and percentage energy saving can be calculated by following formulae [142]. 


LLF = 0.2(LF) + 0.8 (LF) 2 = 0.33 

MW loss saved 

% Energy saving = 


LLF 


.100 


(5.34) 

(5.35) 


MW power dispatched LF 

The annual saving in energy due to the loss reduction is found to be 49 MU. If the 
cost of electricity is considered as Rs 1.0 per unit, the money saved per annum will be 
approximately Rs 4.9 crores. 


5.7 Conclusions 

This Chapter has presented a new optimal power flow model for both real and reactive 
power dispatch considering loss minimization as objective. The OPF was solved using 
genetic algorithm on IEEE 14-bus, IEEE 30-bus and 75-bus UPSEB systems. The test 

results reveal the following : 
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I able o.5. 30-bus system- Optimal settings of sources (in pu) 


Geri. 

Base 

case 

FQP 

GA 

No. 



Study-1 

Study-2 

Study- 1 

Study-2 


l J G 

Qg 

Pa 

Qg 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

1 

2.385 

-.172 

0.566 

-.468 

0.500 

0.113 

0.499 

-.132 

0.500 

0.173 

2 

0.400 

0.523 

1.162 

0.338 

1.166 

0.500 

1.177 

0.282 

1.171 

0.098 

3 

0.200 

0.195 

1.172 

0.317 

1.233 

-.053 

1.229 

0.332 

1.239 

0.177 

4 

- - 

0.228 

— 

0.240 

— 

6.053 

— 

0.208 

— 

0.164 

5 



0.358 

— 

0.250 

— 

0.400 

— 

0.175 

— 

0.256 

6 

- — 

0.194 

— 

0.240 

— 

0.024 

— 

0.130 

— 

0.156 


Table 5.6: 75-bus system- Optimal settings of sources (in pu) 


Gen. 

No. 

Base case 

FQP 

GA 

Study-1 

Study-2 

Study- 1 

Study-2 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

Pg 

Qg 

1 

7.757 

0.354 

4.954 

0.098 

5.164 

0.581 

4.069 

-.840 

7.160 

-.538 

2 

2.600 

1.046 

1.506 

0.960 

1.320 

0.800 

2.878 

0.371 

2.010 

0.541 

3 

1.800 

0.659 

2.000 

0.830 

2.000 

0.830 

1.948 

0.328 

1.410 

0.345 

4 

1.000 

0.528 

1.700 

0.570 

1.700 

0.600 

1.694 

0.350 

1.400 

0.276 

5 

1.800 

0.232 

2.400 

0.310 

2.400 

0.310 

2.328 

0.034 

2.110 

0.092 

6 

1.200 

0.134 

1.200 

0.200 

1.200 

0.200 

1.193 

0.057 1 

1.130 

0.118 

7 

0.600 

0.083 

1.000 

0.135 

1.000 

0.147 

0.947 

0.147 

0.820 

0.009 

8 

0.800 

0.744 

1.000 

0.680 

1.000 

0.680 

0.969 

0.584 

0.830 

0.538 

9 

5.500 

1.289 

5.700 

0.684 

5.700 

0.972 

5.478 

0.477 

5.630 

1.379 

10 

0.800 

0.312 

1.300 

0.560 

1.300 

0.560 

1.108 

0.404 

0.860 

0.466 

11 

1.090 

0.611 

2.000 

0.859 

2.000 

0.692 

2.000 

0.621 

1.420 

0.921 

12 

18.00 

2.124 

18.00 

0.000 

18.00 

0.000 

18.00 

0.228 

18.00 

0.484 

13 

9.000 

1.101 

9.000 

1.695 

9.000 

1.925 

9.000 

0.367 

9.000 

1.741 

14 

1.500 

0.361 

1.500 

0.193 

1.500 

0.242 

1.500 

0.520 

1.500 

0.465 

15 

4.540 

-.127 

4.540 

0.350” 

i 

4.540 

0.350 

4.540 

0.027 

4.540 

0.016 
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Table 5.7: 14-bus system- Voltage magnitudes (in pu) 


Bus 

No. 

Base 

case 

FQP 

GA 

Study- 1 

Study-2 

Study-1 

Study-2 

1 

1.060 

1.060 

1.060 

1.0600 

1.060 

2 

1.045 

1.067 

1.080 

1.0651 

1.100 

3 

1.070 

1.108 

1.080 

1.1231 

1.091 

4 

1.010 

1.035 

1.045 

1.0515 

1.074 

5 

1.090 

1.106 

1.086 

1.1456 

1.079 

6 

1.064 

1.086 

1.074 

1.1089 

1.081 

7 

; 

1.057 

1.076 

1.062 

. 

1.0969 

1.072 

8 

1.030 

1.060 

1.064 

1.0678 

1.082 

9 

1.025 

1.055 

1.058 

1.0644 

1.076 

10 

1.051 

1.073 

1.056 

1.0927 

1.066 

11 

1.057 

1.085 

1.062 

1.1026 

1.073 

12 

1.055 

1.093 

1.065 

1.1086 

1.076 

13 

1.050 

1.085 

1.058 

1.1011 

1.069 

14 

1.036 

1.062 

1.041 

1.0850 

1.052 


(i) The proposed GA based OPF model results into substantial reduction in system 
transmission loss in all the three systems and is capable of handling the system 
constraints effectively in its model. 

(ii) The loss reduction using the proposed GA based loss minimization model is more as 
compared to those obtained with only reactive power rescheduling [138]. The loss 
value is even lesser than those obtained with the Fletcher s quadratic programming 

method. 

(iii) In Indian systems, since the cost characteristic of the generators are normally not 
available, the present OPF model is more relevant and can be used for rescheduling 
of both real and reactive power outputs of the sources. 

(iv) The loss minimization results, if implemented, will result into significant annual 
saving in the energy, thus offering the economic benefit. 
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Table 5.8: 30-bus system- Voltage magnitudes (in pu) 


Bus 

No. 

Base 

case 

FQP 

GA 

Study- 1 

Study-2 

Study- 1 

Study-2 

1 

1.060 

1.060 

1.100 

1.060 

1.060 

2 

1.045 

1.074 

1.095 

1.061 

1.050 

3 

1.010 

1.078 

1.047 

1.059 

1.035 

4 

1.082 

1.142 

1.061 

1.109 

1.078 

5 

1.010 

1.042 

1.059 

1.018 

1.010 

6 

1.071 

1.135 

1.057 

1.085 

1.072 

7 

1.040 

1.100 

1.052 

1.071 

1.048 

8 

1.024 

1.086 

1.041 

1.056 

1.034 

9 

1.046 

1.105 

1.053 

1.068 

1.052 

10 

1.079 

1.146 

1.110 

1.119 

1.097 

11 

1.015 

1.062 

1.053 

1.043 

1.028 

12 

1.002 

1.048 

1.045 

1.026 

1.012 

13 

1.010 

1.065 

1.048 

1.045 

1.027 

14 

1.031 

1.092 

1.040 

1.055 

1.038" 

15 

1.027 

1.088 

1.038 

1.052 

1.035 

16 

1.029 

1.090 

1.041 

1.056 

1.038 

17 

1.020 

1.082 

1.036 

1.051 1 

1.030 

18 

1.013 

1.076 

1.027 

1.042 

1.022 

19 

1.009 

1.071 

1.023 

1.038 

1.018 

20 

1.012 

1.074 

1.027 

1.042 ! 

1.021 

21 

1.015 

1.078 

1.032 

1.047 

1.026 

22 

1.017 

1.080 

1.034 

1.049 

1.028 

23 

1.021 

1.083 

1.035 

1.049 

1.030 

24 

1.021 

1.085 

1.040 1 

1.054 

1.032 

25 

1.052 

1.118 

1.080 

1.089 

1.067 

26 

1.035 

1.102 

1.064 

1.073 

1.051 

27 

1.023 

1.062 

1.062 

1.047 

1.034" 

28 

1.012 

1.070 

1.048 

1.050 

1.030 

29 

1.060 

1.128 

1.095 

1.101 

1.079 

30 

1.050 

1.118 

1.084 

1.091 

1.068 
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Table 5.9: 75-bus system- Voltage magnitudes (in pu) 


Bus 

No. 

Base 

case 

FQP 

GA 

Study-1 

Study-2 

Study- 1 

Study-2 

1 

1.030 

1.030 

1.042 

1.030 

1.020 

2 

1.050 

1.053 

1.049 

1.047 

1.038 

3 

1.030 

1.042 

1.034 

1.060 

1.034 

4 

1.050 

1.063 

1.052 

1.127 

1.067 

5 

1.050 

1.070 

1.054 

1.123 

1.070 

6 

1.050 

1.074 

1.058 

1.126 

1.076 

7 

1.050 

1.069 

1.056 

1.146 

1.071 

8 

1.050 

1.056 

1.043 

1.113 

1.056 

9 

1.050 

1.039 

1.050 

1.049 

1.058 

10 

1.020 

1.032 

1.023 

1.074 

1.051 

11 

1.020 

1.060 

1.042 

1.071 

1.070 

12 

1.050 

0.958 

0.951 

1.016 

1.041 

13 

1.050 

0.981 

0.978 

1.018 

1.060 

14 

1.030 

1.035 

1.024 

1.126 

1.068 

15 

1.051 

1.044 

1.030 

1.097 

1.058 

16 

1.026 

1.029 

1.029 

1.037 

1.024 

17 

1.027 

1.027 

1.033 

1.041 

1.029 

18 

1.015 ' 

1.020 

1.012 

1.052 

1.025 

19 

1.000 

1.011 

1.007 

1.039 

1.021 

20 

0.996 

i.oio" 

1.001 

1.034 

1.023 

21 

1.029 

1.024 

1.009 

1.106 

1.048 

22 

1.032 

1.035 

1.021 

1.113^ 

1.060 

23 

1.013 

0.995 

0.987 

1.054 

1.036 

24 

1.010 

1.004 

0.995 

1.055 

1.028 

25 

1.026 

1.022 

1.008 

1.105 

1.049 

26 

0.999 

0.991 

0.983 

1.041 

1.017 

27 

0.999 

0.993 

0.985 

1.041 

1.015 

28 

1.028 

1.030 

1.017 

1.107 

1.051 

29 

1.036 

1.038 

1.024 

1.117 

1.063 

30 

1.031 

1.026 

1.012 

1.108 

1.051 

31 

1.043 

1.056 

1.041 

1.121 

1.065 

32 

1.042 

1.055 

1.039 

1.121 

1.065 

33 

1.045 

1.055 

1.041 

1.323 

1.069 

34 

1.021 

1.026 

1.013 

1.088 

1.032 

35 

1.034 

1.029 

4 1.035 

1.042 

1.034 

36 

0.998 

] 1.008 

r 1.007 

1.030 

1.014 

37 

0.988 

1 0.988 

0.988 

1.009 

0.992 


Table . . . Contd. 
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Table 5.9 ( Contd .) . . . 


Bus 

No . 

Base 

case 

FQP 

GA 

Study- 1 

Study-2 

Study- 1 

Study-2 

38 

1.047 

1.050 

1.036 

1.130 

1.073 

39 

1.037 

1.043 

1.028 

1.121 

1.062 

40 

0.998 

1.024 

1.010 

1.042 

1.037 

41 

1.037 

0.962 

0.955 

1.018 

1.041 

42 

1.038 

0.964 

0.958 

1.017 

1.043 

43 

1.030 

1.031 

1.018 

1.114 

1.056 

44 . 

1.062 

1.041 

1.027 

1.101 

1.062 

45 

1.018 

1.047 

1.034 

1.109 

1.074 

46 

0.986 

0.989 

0.989 

1.001 

0.986 

47 

1.009 

1.012 

1.005 

1.048 

1.021 

48 

0.980 

1.008 

0.994 

1.026 

1.021 

49 

0.970 

0.998 

0.983 

1.016 

1.011 

50 

0.992 

1.001 

0.997 

1.022 

0.998 

51 

0.987 

0.981 

0.972 

1.032 

1.004 

52 

0.987 

0.982 

0.972 

1.034 

1.005 

53 

1.027 

1.024 

1.010 

1.105 

1.047 

54 

1.016 

1.015 

1.002 

1.082 

1.036 

55 

1.022 

1.002 

0.988 

1.068 

1.023 

56 

1.026 

1.026 

1.013 

1.107 

1.050 

57 

1.014 

1.013 

0.998 

1.096 

1.037 

58 

1.014 

1.014 

0.999 

1.098 

1.038 

59 

1.015 

1.015 

1.000 

1.098 

1.038 

60 

1.011 

1.008 

0.993 

1.092 

1.035 

61 

1.026 

1.026 

1.011 

1.105 

1.047 

62 

1.031 

1.038 

1.022 

1.110 

1.052 

63 

1.017 

1.006 

0.992 

1.072 

1.026 

64 

0.977 

0.992 

0.983 

1.017 

1.006 

65 

1.028 

1.023 

1.009 

1.105 

1.048 

66 

0.984 

0.999 

0.990 

1.024 

1.012 

67 

1.008 

1.005 

0.996 

1.053 

1.026 

68 

1.007 

1.010 

1.002 

1.045 

1.018 

69 

0.962 

0.963 

0.963 

0.984 

0.967 

70 

1.010 

1.007 

0.992 

1.092 

1.034 

71 

0.997 

0.994 

0.985 

1.039 

1.013 

72 

1.012 

1.008 

0.994 

1.094 

1.036 

73 

1.019 

1.041 

1.028 

1.104 

1.071 

74 

1.013 

0.993 

0.984 

1.053 

1.036 

75 

1.038 

1.040 

1.026 

1.120 

1.066 




Chapter 6 


Corrective Action Planning to 
Enhance Volt age /Reactive Power 
Security . 


6.1 Introduction 

For secure operation of a power system, it is essential to modify the dispatch philosophy 
such that it ensures the normal operation of the system even when a contingency takes 
place. Many a times, the solution of optimal power flow (OPF) no more remains feasible, 
specially, while considering the severe contingency cases. The available controls in such a 
situations are unable to retain the system in normal state. 

A feasible (secure) region, in a multi-dimensional parameter space, can be defined as 
the set of points where system states (eg. line flows, bus voltage magnitudes) are within 
their limits. In other words if operating limits of one or more variables are violated, it is 
said to lie in infeasible (insecure) region. 

Very few works are available in literature for handling the infeasible OPF or diver- 
gent power flow cases. To ensure feasible operation of the system, Monticelli et al. [51] 
had suggested the load curtailment and Burchett et al. [34] had proposed to use phan- 
tom generators at selected buses in the network which remain idle in normal operating 
condition. If a particular case becomes infeasible during optimization, the phantom gen- 
erator is called upon to inject reactive power at the point of maximum need. Granville et 
al. [156] had used an auxiliary optimization problem of minimizing the fictitious reactive 
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power injections placed at all the buses which helps the user to determine the candidate 
buses for reactive power source installation. They call this preliminary step as Feasibility 
Analysis. 

To ensure the security of the system, it is important to plan for the corrective control 
actions to bring the system back into normal state or in a feasible constrained region. 
Proper allocation and actual requirement of controls are essential before running a security 
constrained optimal power flow (SCOPF) algorithm. In this Chapter, an effective method 
to measure the degree of infeasibility and to plan the corrective actions for bringing the 
system into normal state, with switching of reactive power devices, has been developed. 

A general flow chart of the security constrained optimal power flow utilizing the cor- 
rective action planning is presented in Fig. 6.1. Block-I and II of the flow chart pertains 
to the security analysis of the system. If any of the contingencies result into violation of 
operating limits (block-III) and it is not possible to bring them within limit with available 
controls (block-IV), corrective control actions are required to be planned (block-V) before 
executing the security constrained optimal power flow (block-VI). 

The present work has tried to develop the methodology to detect whether the system 
can be brought to normal state with available controls (block-IV) and to plan for the 
corrective control actions otherwise. Overbye [151] introduced an algorithm to quantify 
the degree of unsolvability of power flow problems and to determine the controls to return 
to solvability [162] which is derived from a similar measure presented in reference [125]. 
This approach has been extended in this Chapter for security enhancement to achieve 
feasibility of optimal power flow solution. The results have been demonstrated on IEEE 
14- bus and 30- bus systems, and a 75- bus system derived from U.P. State Electricity Board 
(UPSEB) network. 

6.2 Problem Formulation 

The distance (Euclidean norm) in parameter sp^ce between any infeasible (insecure) point 
and the closest point on feasible (secure) hypersurface c has been used as a measure of 
infeasibility. In a given operating condition, system states can lie in any of the three 
regions shown in Fig. 6.2. The states can lie in either unsolvable region-I where load 
flow solution does not exist (Transient state) or in an infeasible region-II where load flow 
solution exists but system operating constraints are not satisfied or in a feasible region-III 
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Figure 6.1: Flow chart of security constrained optimal power flow 
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where operating constraints are satisfied along with existence of the load flow solution. 

For an iV-bus system with bus-1 being slack, 2 ,...,N g being the P-V type buses and 
N q + 1 to N the P-Q type buses, the power flow equations can be expressed as following 

N 

/p,(v, 6) = 22 ^ [G*i cos (S t - 6,) + B v sin (S t -S 3 ) i = 2, N (6.1) 

J = 1 

/o,(V, 8) = 22 W 3 [G v m{6 t -6,)-r B.jQdb - 8 $ i = N q + 1 , N (6.2) 

i=l 

where V and 8 are voltage magnitude and angle vectors. If S is a vector of real power 
injections at all the buses except the slack bus and the reactive power injections at only 
load (P-Q) buses, then equations (6.1) and (6.2) can be written in vector form as following 

S - f (V, 6) = 0 (6-3) 

where S = [P 2 , P 3 , ..., P^, Qn,,+ i> Qn<,+ 2 , —■> Qn] T 

If power flow problem, defined by equation (6.3), has no real solution (lying in region-I 
of Fig. 6.2) or it has a solution with violating operating limits such as voltage limits (lying 
in region-II of Fig. 6.2), it has been called to have as infeasible solution in the present work. 
The nroblem has been reformulated as a standard constrained minimization problem with 
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an objective function defined as one half the square of the power mismatches to find the 
closest feasible point in parameter space and is expressed as 

e(v,«) = i|f(v,i)-snf(v,«)-s] 

subject to the operating constraints 

VT n < V t < V™* i = 2, N 

Sr < Si < 6™ x 1 = 2, N 

Q£?<Q Gt <Q™ i = l, Ng 

where Q Gt is the reactive power generation of source- i which is N q in number. The 
objective function F will be greater than zero for all V and 6 lying into infeasible region 
and will be equal to zero in the feasible region. The above equations (6.4) to (6.7) form 
a constrained power flow (CPF) problem. 


(6.4) 

(6.5) 

( 6 . 6 ) 
(6.7) 


6.3 Degree of Infeasibility 

Let x* (V*, 6*) be defined as the value of the voltage magnitude and angle vectors corre- 
sponding to the minima of the objective function F(x); thus, x* can be thought of as the 
best possible feasible solution to the equations (6.4) to (6.7). Define 

S* = /(x*) (6-8) 

to be the point in the parameter space corresponding to x*. 

The closest point on the surface a to S is S*. It follows from the definition of x*, that 
minimizing equation (6.4), is equivalent to minimizing the Euclidean norm ||S — S ||. 
The optimal direction to move in parameter space to return to feasible region is then 
given by vector [S - S*] which contains real and reactive power mismatches at each bus. 
Providing controls at each bus to force the mismatches to zero is not practically possible. 
An alternate way of attaining the feasibility is described in section 6.5. 

The degree of infeasibility can be measured by Euclidean distance between the closest 
point S* on the surface a and S which is given by 
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cl(S) = ||S*-S|| 


. (6-9) 

= vl s * - s] r [s* - s] 

Since only voltage security or feasibility has been studied in the present work, the Eu- 
clidean distance of reactive power at the load buses has been considered. Hence, the above 
equation (6.9) can be rewritten as 

I iv 


d(Q) = 


i=N q +l 


( 6 . 10 ) 


6.4 Eigenvalue Analysis to Decide Optimal Control 
Direction 


The eigenvalue analysis of the power flow Jacobian matrix near the point of voltage 
infeasibility has been used to identify the buses where injection of reactive powers benefit 
the system most. The left eigenvector corresponding to the minimum eigenvalue gives the 
information about the buses responsible for voltage problem. 

Consider a 2-bus power system having a generator and a load bus. The linearized 
relationship between voltage magnitude and reactive power injection at the load bus can 
be described by following equation 

AAV = A Q (6-11) 

where A is the V-Q sensitivity obtained from the network Jacobian matrix. When A is 
minimum, a small change in reactive power injection results in large voltage change. 

The Jacobian matrix of iV-bus power system is, in general, not a diagonal matrix. 
However, they can be diagonalized using modal transformation. With this technique, one 
obtains the following matrix relationship between modal voltages Av (= [T][AV]) and 
modal injections A q (= [T][AQ]), where [T] is the modal matrix of eigenvectors. 


Aj 0 

0 A 2 

... 0 

... 0 


Avi 

Av 2 


Aqi 

Aq 2 

0 0 

... \n 


Av n 


Av n 


( 6 . 12 ) 
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The diagonal elements Aj , . . . Ajv are the iV-eigenvalues of the Jacobian. If one of the A, 
is very small, the modal voltage v x becomes very sensitive to modal injection q x while other 
modes remain almost unaffected. However, since several physical voltages participate to a 
greater or lesser degree on the modes in question, the abnormal value of the modal voltage 
corresponding to small eigenvalue will cause one or many physical voltages to violate their 
limits. The degree of participation can be determined from an inspection of entries of the 
left eigenvector (LEV) of the critical mode [147]. 


6.5 Corrective Control Action Calculation 


As established in section 6.4, the optimal direction to move in parameter space to return 
to feasible region is associated with left eigenvector (w*) corresponding to minimum eigen- 
value of Jacobian [J(x*)] of power flow equations. The sensitivity (0 U ) of d( Q) defined in 
equation (6.10) to a set of practical controls u = [ttj, u 2 , . . . , «jv] T can be given [125] as 


c = - 


■oj 


where 


CD 

■O 

4- 

djNq- 1-1 

dfN q +l 

dui 

du2 

du N 

<lhL 

Un 

UtL 

du\ 

dU2 

du N m 

n - Qx\ 

i = 

N q + 1, ,JV 


—«*[/«(**) - Ql 


(6.13) 


(6.14) 


The elements of vector 0 n provide a linear estimate of the effect of a particular control 
upon d( Q). Negelecting nonlinearities, the necessary change in a single control u 1 to 
return to the feasibility is given by 


A U; 


d( Q) 


(6.15) 


<[fq( x *) “ QL, 

for the case of reactive power injection controls, the column of the Jacobian corresponding 
to Q t is unity. Thus, the equation (6.15) becomes 

d( Q) (6.16) 


An, = 


w; 


It has been observed that the change in control, obtained from equation (6.16) provides 
overcorrection of voltages. In the present work, through experimentation (as given on 
section 6.7.1), it was found that this problem can be overcome by adding reactive power 
residue AQ;(= - Qi]) at each load bus to the left eigenvector «?. The equation 

(6.16) in its modified form can be written as 
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A u % = 


<*(Q) 

co t -4- A Q t 


(6,17) 


6.6 Solution Algorithm 


The proposes] methodology has been applied to compute the reactive power support to 
achieve feasible solution. The sensitivity relationship between the change in real and 
reactive powers with respect to change in bus voltage magnitudes and angles is defined 
as 


AP 


' Ji 

J 2 ‘ 

‘ A 6 ‘ 

AQ 


. J 3 

J 4 . 

AV 


(6.18) 


Although both P and Q changes affect the system voltages, it is possible to study the 
approximate effect of change in reactive power injections on voltage insecurity or optimal 
reactive power flow infeasibility by setting A P = 0 (P constant) and deriving a Q-V 
sensitivity relationship, 


[AQl = [*][AV] 


(6.19) 


where [J«] = [J„] - [Js]pi] _1 [Jj]. 

The computational steps are as follows: 

Step-I: Minimize the function F(V, 6) given in equation (6.4) along with constraints and 
obtain the corresponding voltage magnitudes V* and angles 6*. 

Step-II: Calculate <f(Q) from equation (6.10). If F(V,S) = 0, the optimal power flow 
solution is feasible and infeasible if F(V , £) in non-zero. In the later case, go to 
Step-Ill. 

Step-Ill: Calculate the reduced matrix [Jr] corresponding to the value of V* and 6* 
obtained in step-I. 

Step-IV: Calculate the minimum eigenvalue of reduced Jacobian [Jr] and obtain the 
corresponding left eigenvector o>*. 

Step-V: Calculate the additional controls from equation (6.17). 
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Step-V provides the required control action at various buses. Theoretically any of these 
controls should be capable of alleviating the infeasibility problem. Though this is valid on 
smaller system, but may not be adequate for larger systems, specially, when problematic 
buses are far off from the bus, where a control has been selected. In such cases more than 
one control can be utilized. One criteria proposed in this work for selecting the group 
of such controls is based on maximum reactive power residue values. The buses having 
higher values of residue are selected for controls. In case there are many such buses, only 
those buses, having lower voltage ( V* ) values, can be selected for placement of controls. 

6.7 Test Results and Discussions 

To establish the effectiveness of the proposed method, the studies were conducted on 
IEEE 14-bus, IEEE 30-bus and the practical 75-bus UPSEB systems as described in 
Appendices-B, C and D, respectively. A successive quadratic programming (SQP) was 
used to solve the minimization problem. The results of the three systems are given below. 

6*7.1 IEEE 14-bus System 

For this system, the results of a severe outage case of line (1-2) has been presented. The 
upper and lower voltage limits at all the load buses were taken as 1.10 pu and 1.0 pu, 
respectively. The voltage magnitudes at P-V buses were fixed to their specified values. 
From the load flow it was found that voltages at buses 4, 8, 9, and 14 violated the limits for 
the above contingency case. The function F(V,S) given in equation (6.4) was minimized 
to determine vector x*. The left eigenvector corresponding to the minimum eigenvalue of 
reduced Jacobian was calculated. The required reactive power injection Ci and C at each 
bus to alleviate the voltage violation were first calculated by using equations (6.16) and 
(6.17), respectively which are presented in Table 6.1. The minimum eigenvalue of reduced 
Jacobian and Euclidean distance were found to be 2.7228 and 0.05177, respectively. 

After application of each controls taken one at a time, a load flow was run. It was 
observed that the control at the bus where reactive power residue (A Q) was higher, was 
more effective (in present case at bus-8). Reactive power injection at a bus away from 
problematic buses (e.g. at bus-14) could not improve the voltage profile of the system. 
The reactive power injection required at bus-8 using equations (6.16) and (6.17) are 87.89 
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Table 6.1: 14-bus system- Results of line (1-2) outage 


Bus 

No. 

Base 

Voltage 

LEV 

u* 

AQ 

(in pu) 

X* 

Voltage 

C 

MVAR 

(in pu) 

Ct 

MVAR 

' ' v 6 v " 

(in pu) 

1 

1 .060 

~ 

“ 

1.060 

- 

1.060 

- 

1.060 

2 

1.009 

- 

- 

1.045 

- 

1.045 

- 

1.045 

3 

1.035 

- 

- 

1.070 


1.070 

- 

1.070 

4 

0.987 

- 

- 

1.010 

- 

1.000 

- 

1.000 

5 

1.071 

- 

- 

1.090 

~ 

1.090 

- 

1.090 

6 

1.031 

0.2425 

0.017 

1.065 

20.00 

1.064 

21.35 

1.070 

7 

1.020 

0.4169 

0.002 

1.056 

12.35 

1.056 

12.42 

1.062 

8 

0.983 

0.0589 

0.041 

1.026 

51.82 

1.032 

87.89 

1.058 

9 

0.985 

0.0914 

0.019 

1.025 

46.89 

1.027 

56.44 

1.039 

10 

1.014 

0.4681 

0.002 

1.052 

11.01 

1.051 

11.06 

1.056 

11 

1.021 

0.3297 

0.004 

1.058 

15.51 

1.056 

15.70 

1.059 

12 

1.020 

0.1476 

0.014 

1.056 

32.04 

1.055 

35.07 

1.056 

13 

1.014 

0.2046 

0.009 

1.051 

24.24 

1.050 

25.30 

1.051 

14 

0.999 

0.6034 

0.007 

1.037 

8.45 

1.035 

8.58 

1.039 


MVAR and 51.82 MVAR, respectively. The voltage magnitudes V Cl and V c at all the 
buses were calculated with 87.89 MVAR as well as 51.82 MVAR capacitors considered 
at bus-8 and results are presented in Table 6.1. From Table 6.1, it is observed that the 
control requirements (Cj) computed from equation (6.16) result into higher voltage profile 
and thus, causes over correction. However, controls (C) determined by equation (6-17) 
after adding the residue term in the denominator along with the left eigenvector provides 
acceptable voltage profile with minimum reactive power injection. 

In order to validate the result, the requirement of reactive power injections were also 
calculated using equations (6.4) to (6.7) by considering a fictitious reactive power gener- 
ator at bus-8 and 14, one at a time. A reactive power injection of 54.3 MVAR at bus-8 
was found to move the system into feasible region while any amount of reactive po 
injection at bus- 14 was unable to push the system back to feasible region. 

6.7.2 IEEE 30-bus System 

For this system, two most severe contingency cases were considered for the study pertain- 
ing to the outage of line (1-2) and line (2-5). The upper and lower voltage limits at all the 
buses except slack were taken as 1.10 pu and 0.95 pu, respectively. The slack bus voltage 
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was fixed to its specified value of 1.06 pu. With these voltage limits, the function F(V,8) 
given by equation (6.4) was minimized to obtain vector x* and the left eigenvector (LEV) 
corresponding to the minimum eigenvalue of the reduced Jacobian [Jr]- 

In the case of line (1-2) outage, the load flow did not converge. The corrective controls 
C (i cacti ve power injections) were calculated to ensure feasible optimal operation of the 
system which are also presented in Table 6.2. The Euclidean distance and minimum 
eigenvalue of the reduced Jacobian were found to be 0.02925 and 0.49691, respectively. 
The maximum reactive power residue was estimated to be 0.006 pu as given in Table 6.2 
which was same for several buses. However, amongst them the voltage V* was mini m u m at 
bus-12 and, therefore, it was selected for placing the additional reactive power controls. 
The bus voltage magnitudes (V c ), after the application of 132.95 MVAR capacitor at 
bus-12, are also given in Table 6.2. 

In order to validate the results of the proposed method, the optimization problem 
was also solved by considering a fictitious reactive power source at bus- 12. The feasible 
solution was obtained with 129.34 MVAR reactive power generation as compared to 132.95 
MVAR calculated by the proposed methodology. 

Voltages {V PF ) at some buses ( bus-5 and bus-12 ), obtained from load flow, were below 
the lower limit in the case of line (2-5) outage as given in Table 6.3. Voltages (V*) and 
left eigenvectors uj* after minimizing function F(V,8) given by equation (6.4) are shown 
in Table 6.3. The corresponding corrective controls calculated using proposed approach 
are also presented in this table. The minimum eigenvalue and Euclidean distance were 
estimated to be 0.52896 and 0.02987, respectively. In order to establish the capability of 
the predicted controls, each of them were considered one at a time. The load flow result 
with each of the controls were obtained to see the effect on the system states. It was 
found that corrective control was most effective if considered at a bus having maximum 
reactive power residue, which was at bus-12 in the present case. The voltage V* was also 
minimum at this bus. After placing the control (114.01 MVAR capacitor) at this bus, a 
load flow was run to obtain the post-corrective voltage magnitudes (V c ) at all the buses 
which are presented in Table 6.3. 
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Bus 

Base 

X* 

LEV 

A Q 

C 


No. 

Voltage 

Voltage 

w* 

(in pu) 

MVAR 

(in pu) 

1 


1.060 

- 

- 

- 

1.060 

2 

L 

0.982 

- 

- 

- 

1.029 

3 

0 

0.969 

- 

- 

- 

1.010 

4 

A 

1.044 



- 

1.082 

5 

D 

0.954 

- 

- 

- 

1.010 

6 


1.039 

- 

- 

- 

1.071 

7 

F 

0.997 

.0654 

.006 

40.97" 

1.039 

8 

L 

0.983 

.1186 

.006 

23.48 

1.021 

9 

0 

1.006 

.0662 

.006 

40.51 

1.040 

10 

W 

1.039 

.3224 

.006 

8.90 

1.077 

11 


0.956 

.0268 

.006 

89.16 

0.993 

-12 


0.950 

.0160 

.006 

132.95 

1.063 

13 

N 

0.961 

.0263 

.006 

90.56 

1.012 

14 

0 

0.994 

.0970 

.006 

28.40 

1.026 

15 

T 

0.989 

.1131 

.006 

24.56 

1.021 

16 


0.990 

.0965 

.006 1 

28.54 ^ 

1.024 

17 


0.980 

.11621 

.006 

23.94 

1.016 

18 

C 

0.977 

.1386 

.006 

20.23 

1.009 

19 

0 

0.972 

.1445 

.006 

19.44 

1.004 

20 

N 

0.975 

.1419 

.006 

19.78 

1.008 

21 

V 

0.975 

.1429 

.006 

19.64 

1.012 

22 

E 

0.977 

.1480 

.006 

18.99 

1.013 

23 

R 

0.984 

.1644 

.006 

17.17 

1.016 

24 

G 

0.983 

.2093 

.006 

13.59 

1.017 

25 

E 

1.015 

.3278 

.006 

8.76 

1.049 

26 

D 

1.001 

.4114 

.006 

7.01 

1.032 

27 


0.960 

.0248 

.005 

98.15 

0.987 

28 


0.966 

.0556 

.006 

47.48 

1.013 

29 


1.025 

.4236 

.006 

6.81 

1.058 

i Am 

30 


1.104 

.4347 

.006 

6.46 

1.047 
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Table 6.3: 30-bus system- Results of line (2-5) outage 


Bus 

No. 

Base 

Voltage 

X* 

Voltage 

LEV 

CJ* 

AQ 
(in pu) 

C 

MVAR 

~v^— 
(in pu) 

1 

1.060 

1.060 

- 

- 

- 

1.060 

2 

1.040 

1.053 

- 

- 

- 

1.045 

3 

0.986 

1.019 

- 

- 

- 

1.010 

4 

1.056 

1.097 

~ 

~ 

- 

1.082 

5 

0.908 

0.950 

- 

~ 

- 

1.010 

6 

1.055 

1.096 

- 



1.071 

7 

1.010 

1.053 

.0648 

.006 

42.19 

1.044 

8 

0.994 

1.041 

.1174 

.006 

24.21 

1.028 

9 

1.023 

1.066 

.0650 

.006 

42.07 

1.048 

10 

1.046 

1.098 

.3241 

.006 

9.05 

1.084 

11 

0.989 

1.018 

.0246 

.006 

97.61 

1.017 

12 

0.937 

0.976 

.0162 

.010 

114.01 

1.056 

13 

0.979 

1.012 

.0259 

.006 

93.64 

1.019 

14 

1.007 

1.054 

.0955 

.006 

. 

29.43 

1.034 

15 

1.002 

1.049 

.1115 

.006 

25.42 

1.029 

16 

1.003 

1.049 

.0951 

.006 

29.55 

1.032 

17 

0.991 

1.038 

.1147 

.006 

24.74 

1.024 

18 

0.986 

1.036 

.1367 

.006 

20.93 

1.016 

19 

0.981 

1.031 

.1426 

.006 

20.10 

1.012 

20 

0.983 

1.033 

.1401 

.006 

20.45 

1.015 

21 

0.985 

1.034 

.1414 

.006 

20.26" 

1.019 

22 

0.987 

1.036 

.1465 

.006 

19.59 

1.021 

23 

0.993 

1.044 

.1627 

.006 

17.71 

1.024 

24 

0.991 

1.043 

.2079 

.006 

13.96 

1.025 

25 

1.019 

1.074 

.3285 

.006 

8.93 

1.056 

26 

1.002 

1.061 

.4118 

.006 

7.15 

1.039 

27 

1.001 

1.025 

.0210 

.004 

119.48 

1.025 

28 

0.982 

1.018 

.0557 

.006 

48.41 

1.018 

29 

1.026 

1.084 

.4260 

.006 

6.91 

1.066 

30 

1.015 

1.074“ 

.4418 

.006 

6.67 

1.054 
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6.7.3 75-bus UPSEB System 

For this system also several contingency cases were considered for the study. However, the 
result of only one contingency case corresponding to outage of line (41-74), is presented 
in this Chapter. The upper and lower voltage limits were taken as 1.05 pu and 0.95 
pu, respectively. Slack bus voltage was fixed to its specified value of 1.03 pu. The left 
eigenvector and bus voltages V* are given in Table 6.4. 

The load flow program did not converge for the above outage case of a 400 kV line 
between bus-41 and bus-74. The minimum eigenvalue of reduced Jacobian and Euclidean 
distance were found to be 2.26401 and 0.43417, respectively. The controls predicted by 
the proposed method are listed in Table 6.4. It was found in this system that injecting 
reactive power at one bus was unable to alleviate the system infeasibility. The load flow 
did not converge taking a single control on any of the buses. Hence, more than one 
controls were sought in the present system. 

The selection of the buses were based on the maximum reactive power residue. Four 
buses having maximum reactive power residues (buses 23, 41, 42 and 74) were first selected 
for reactive power injections. Only one forth of the controls (predicted by proposed 
method) were utilized at these buses. It was found that these controls were able to bring 
the system back to feasible region. However, these buses are the 400 kV buses, where it 
may not be practical and cost effective to install the shunt capacitors. Hence, the buses 
having lower residue value than the above four buses and belonging to 220 kV network 
(where placement of shunt capacitors are more practical) were considered. Five such 
buses viz. buses 24, 27, 51, 67 and 69 were selected with controls taken as one fifth of 
the values suggested by the proposed method. It was observed that with these controls 
( 65.19, 58.91, 44.99, 68.00 and 64.71 MVAR capacitors at buses 24, 27, 51, 67 and 69 
respectively) the system returns to the feasible region. The voltages (V c ) after placing 
these controls are given in Table 6.4 


6.8 Conclusions 

This Chapter has presented a new algorithm to decide corrective control actions required 
in severe contingency cases in order to enhance the security of the system. The algorithm 
uses the minimum Euclidean distance to quantify the mfeasibihty of the system and 
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Table 6.4: 75-bus system- Results of line (41-74) outage 


Bus 

No. 

X* 

Voltage 

LEV 

w* 

AQ 

(in pu) 

C 

MVAR 

V c 

(in pu) 

1 

ri.030 

— 

— 

— 

1.030 

2 

r 1.044 

— 

— 

— 

1.044 

3 

1.044 

— 

— 

— 

1.030 

4 

1.043 

— 

— 

— 

1.050 

5 

1.027 

— 

— 

— 

1.050 

6 

1.027 

— 

— 

— 

1.050 

7 

1.037 

— 

— 

— 

1.050 

8 

1.032 

— 


— 

1.040 

9 

1.049 

— 

— 

— 

1.050 

10 

1.029 

— 

— 

— 

1.020 

11 

1.036 

— 

— 

— 

1.020 

12 

1.036 

— 

— 

— 

1.040 

13 

1.037 

— 

— 


1.050 

14 

1.044 

— 

— 


1.030 

15 

1.022 

— 

— 

— 

1.010 

16 

1.029 

0.0182 

0.014 

1348.35 

1.020 

17 

1.031 

0.0175 

0.020 

1157.79 

1.021 

18 

1.026 

0.0376 

0.052 

484.56 

1.024 

19 

1.014 

0.0512 

0.047 

442.13 

0.995 

20 

1.011 

0.0442 

0.043 

479.90 

0.988 

21 

1.016 

0.1742 

0.005 

242.28 

1.003 

22 

1.030 

0.1832 

0.019 

214.72 

1.012 

23 

0.997 

0.0672 

0.100 

259.67 

0.981 

24 

1.007 

0.0592 

0.074 

325.95 

1.008 

25 

1.021 

0.2212 

0.015 

183.81 

1.002 

26 

0.995 

0.0851 

0.081 

261.39 

0.986 

27 

1.002 

0.0764 

0.071 

294.55 

1.006 

28 

1.023 

0.0923 

0.015 

404.63 

1.014 

29 

1.032 

0.1725 

0.017 

229.11 

1.015 

30 

1.018 

0.1665 

0.004 

128.83 

1.006 

31 

1.018 

0.0760 

0.045 

358.82 

1.036 

32 

1.017 

0.0796 

0.043 

354.14 

1.034 

33 

1.026 

0.1119 

0.062 

249.67 

1.035 

34 

1.003 

0.0280“" 

0.032 

723.62 

1.009 

35 

1.034 

0.0163 

0.019 

1229.94 

1.025 

36 

1.014 

0.0432 

0.039 

528.19 

0.994 

37 

0.996 

0.0464 

0.044 

480.28 

0.974 


Contd. . . . 
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Table 6.4. (Contd.) ... 


Bus 

X* 

LEV 

AQ 

C 

V c 

No. 

Voltage 

w* 

(in pu) 

MVAR 

(in pu) 

38 

1.040 

0.1734 

0.005 

243.23 

1.027 

39 

1.021 

0.1387 

0.040 

242.96 

1.024 

40 

1.015 

0.0242 

0.032 

772.54 

0.994 

41 

0.996 

0.0110 

0.194 

211.79 

1.022 

42 

0.997 

0.0108 

0.192 

214.09 

1.024 

43 

1.029 

0.0990 

0.006 

413.50 

1.017 

44 

1.035 

0.0268 

0.036 

691.35 

1.019 

45 

1.044 

0.0397 

0.033 

597.21 

0.984 

46 

0.991 

0.0302 

0.014 

982.29 

0.977 

47 

1.017 

0.0456 

0.055 

431.58 

1.003 

48 

0.999 

0.0282 

0.023 

847.99 

0.977 

49 

0.989 

6.0293 

0.022 

846.36 

0.966 

50 

1.003 

0.0360 

0.041 

563.86 

0.990 

51 

1.005 

0.1290 

0.064 

224.96 

1.032 

52 

1.012 

0.1519 

0.052 

212.93 

1.033 

53 

1.012 

0.1705 

0.003 

250.24 

1.004 

54 

1.010 

0.0680 

0.047 

377.54 

1.001 

55 

0.999 

0.0495 

0.051 

432.01 

0.981 

56 

1.021 

0.1190 

0.008 

341.87 

1.010 

57 

1.002 

0.1695 

0.017 

232.80 

0.994 

58 

1.006 

0.1548 

0.019 

249.81 

0.996 

59 

1.001 

0.1704 

0.029 

217.74 

0.996 

60 

1.009 

0.2784 

0.013 

148.99 

0.987 

61 

1.010 

0.1615 

0.006 

259.21 

1.006 

62 

1.008 . 

0.1184 

0.027 

298.60 

1.018 

63 

1.004 

0.0607 

0.056 

372.04 

0.988 

64 

0.999 

0.0574 

0.058 

376.23 

0.970 

65 

1.015 

0.1736 

0.005 

243.10 

1.003 

66 

1.003 

0.0531 

0.039 

471.41 

0.977 

67 

1.008 

0.0577 

0.070 

340.00 

1.011 

68 

1.017 

0.0474 

0.064 

389.74 

1.026 

69 

0.977 

0.0562 

0.078 

323.53 

0.950 

70 

1.009 

0.4179 

0.004 

102.91 

0.985 

71 

1.002 

0.0715 

0.065 

318.07 

1.005" 

72 

1.010 

0.3754 

0.008 

113.24 

0.987 

73 

1.040 

0.0452 

0.043 

492.26 

0.985 

74 

0.994 

0.0661 

0.106 

252.28 

0.978 

75 

1.034 

0.1746 

0.016 

227.79 

1.017 
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computes the reactive power injection(s) required to move the system from infeasible to 
feasible region. The test results on IEEE 14-bus, IEEE 30-bus and 75-bus UPSEB systems 
demonstrate the following: 

(i) The proposed method can be effectively used for corrective control action (VAR) 
planning to ensure feasible optimal operation or secure operation of the system. 

(ii) The application of controls at the buses having larger reactive power residue (A Q) 
are more effective. If the maximum residue value A Q is same at more than one bus, 
the control at a bus having lowest voltage (V*) should be selected. 

(iii) The proposed method can also be used to select more than one controls which are 
required in larger systems to bring it into feasible region. 


I 



Chapter 7 


Conclusions 


7.1 General 

Modern power utilities are being equipped with computer aided energy management sys- 
tem in order to ensure the secure and economic operation of the system. The network 
security analysis and optimization forms an important part of advanced application soft- 
wares in modern energy management systems. There has been continued interest in devel- 
oping simple and efficient models for these problems. This thesis has addressed to certain 
aspect's of voltage security analysis, optimization and controls. The main contributions 
of the thesis include the development of new models for 

• linearized load flow for voltage contingency analysis reported in Chapter 2, 

• distribution factors for fast post-outage calculations of voltages and reactive power 
output of sources reported in Chapter 3, 

• voltage and reactive power performance indices including optimal weight adjustment 
for voltage contingency selection reported in Chapter 4, 

• genetic algorithm based loss minimization technique for both real and reactive power 
dispatch reported in Chapter 5, and 

• corrective control action planning to enhance the voltage/reactive power security of 
the system given in Chapter 6. 
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The aim of this Chapter is to highlight the main findings of the work carried out in 
this thesis and making suggestions for further research work in this vital area of voltage 
security and loss minimization studies. 

7.2 Summary of Important Findings 

In Chapter 2, six new models of linearized load flow have been developed which can be 
utilized to compute voltage magnitudes at the load buses with acceptable accuracy for 
base case as well as contingency cases. The concept of minimization of least square error 
and integral square error have been used, probably for the first time, in linearizing the 
power flow equations over the possible operating range. Five different versions (models 
Ai to As) have been developed based on integral square error minimization and the sixth 
version (model-B) using the least square error minimization principles. From the test 
results obtained in IEEE 14-bus, IEEE 30-bus and 75 -bus UPSEB systems presented in 
this chapter the following conclusions are drawn: 

(i) Amongst the six proposed linearized versions, the versions Aj, A 2 and A 3 provide 
significantly accurate results as compared to those obtained with tbe first iteration 
of Newton-Raphson load flow (in polar coordinates). 

(ii) The version A 3 in polar coordinates, provides the most accurate results amongst all 
the linearized versions tried out in the prediction of bus voltages. The error is less 
than 5.0 % even in severe contingency cases. The model-B is found to be the least 

accurate. 

(iii) The proposed linearized models are non-iterative in nature and takes approximately 
same CPU time as the one iteration of Newton-Raphson load flow method. 

(iv) For some of the contingency cases, where AC load flow methods diverge and do 
not provide the post-outage results, the proposed method is able to predict the 
approximate values of post-outage bus voltage magnitudes. 

(v) Hence, the proposed linearized load flow models, specially version As, can be eitec- 
tively used for the voltage contingency analysis. 

In Chapter S, eight new sets of voltage and reactive power distribution factors, for both 

line and generator outages, have been developed whiA can be derived directly from a 
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base load flow results using network sensitivity information. The test results obtained on 
the 14-bus, 30-bus and 75-bus systems provide following conclusions: 

(i) The prediction of the post-outage bus voltages using the new distribution factors are 
quite accurate. However, with the use of distribution factors, the error in predicting 
the reactive power output of sources is slightly higher. 

(ii) Since the distribution factors are obtained directly from a base load flow result, 
without involving any additional load flow for simulation of outages, its calculation 
and updating is quite fast and can be applied to on-line monitoring of voltage 
security of the system at control centers. 

(iii) The sets of distribution factors computed at a base loading are able to predict 
the post-outage voltages of the system accurately even for small change in system 
loading. Thus, they need not be recomputed for small deviation in the loading. 
This further reduces the computational time for the voltage contingency analysis. 

(iv) The proposed distribution factors method defined with respect to both pre-outage 
real and reactive powers of the elements, predicts the post-outage voltages of the 
system more accurately than those predicted by the distribution factors [118, 138] 
defined in terms of only reactive powers under different loading conditions. 

(v) The proposed distribution factors compute the bus voltages with slightly less ac- 
curacy as compared to the linearized load flow models suggested in Chapter 2. 
However, the post-outage calculations using distribution factors are much faster as 
compared to the linearized load flows. 

Chapter 4 has explored suitability of few voltage as well as reactive power performance 

indices voltage/reactive power contingency selection. A simple approach to find out op- 
timal weights of the performance indices have been suggested. The study results on the 

three systems reveal the following: 

(i) Use of higher order exponents for both voltage and reactive power performance 
indices eliminates the masking effect. Performance indices of order 10 or more 
(exponent n > 5) are recommended to overcome the masking problem. 

(ii) The performance indices computed by the distribution factors method using optimal 
weights minimizes the misranking effects. 
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(iii) The optimal weights calculated on a base case loading can be effectively used to 
define the performance indices for small change in system loading conditions. 

(iv) For voltage contingency selection, the voltage performance indices, in general, has 
provided better results as compared to the reactive power performance indices. 
Hence, the voltage performance indices are recommended to be used for the voltage 
contingency selection. 

Chapter 5 has investigated a new optimal power flow model for both real and reactive 
power dispatch considering loss minimization as objective. The genetic algorithm (GA) 
has been applied, probably for the first time, for solving the complete optimal power flow 
problem. Investigations on the three systems provide the following: 

(i) The proposed genetic algorithm based optimal power flow results into substantial 
reduction in system transmission loss in all the three systems and is capable of 
handling the system constraints effectively in its model. 

(ii) The reduction in system real power transmission loss, using the proposed genetic 
algorithm based loss minimization model, is significantly more as compared to those 
obtained with only reactive power rescheduling [138]. The loss value is even lesser 
than those obtained with the Fletcher’s quadratic programming method. 

(iii) In some utilities, specially in Indian systems, where the cost characteristic of the 
generators are normally not available, the present optimal power flow model is more 
relevant and can be used for rescheduling of both real and reactive power outputs 

of the sources. 

(iv) The loss minimization results, if implemented, will result into considerable annual 
saving in the energy, thus offering economic benefit and also enhance the load de- 

livery capacity of the system. 

Chapter 6 has presented a new algorithm to decide corrective control actions in con- 
tingency cases in order to enhance the security of the system. The algonthm uses t « 
minimum Euclidean distance to quantify the infeasibility of the system and computes the 
reactive power injection(s), based on the eigenvalue analysis, required to move t e sys em 
from infeasible to feasible region. The test results on the three systems demonstrate the 

following: 
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(i) The proposed method car) be effectively used for corrective control action (VAR) 
planning to ensure feasible optimal operation or secure operation of the system. 

(ii) The application of controls at a bus having largest reactive power residue (A Q) is 
more effective. If the maximum residue value A Q is same at more than one bus, 
the control at a bus having lowest voltage (V*) should be selected. 

(iii) The proposed method can also be used to select more than one controls which are 
required in larger systems to bring it into feasible region. 

7.3 Scope For Future Research 

As a consequence of the investigations carried out in this thesis on development of few 
models for the linearized load flow and distribution factors for contingency selection, 
performance indices for voltage contingency ranking, loss minimization for both real and 
reactive power dispatch and corrective action planning to enhance the voltage security, 
following aspects are identified for future research work in this area. 

(i) In Chapter 2, the calculation of voltage angles from linearized load flow were found to 
be quite inaccurate. In order to increase the accuracy of calculation of voltage angles 
and hence making the linearized load flow models suitable for power calculation, 
angles can be first computed by one iteration of the fast decoupled load flow and 
then linearized model can be used to predict the voltage magnitudes. 

(ii) The distribution factors suggested in Chapter 3 have been calculated only for single 
contingency cases. A suitable algorithm can be developed for modification m the 
distribution factors and the model to account for the multiple contingency cases. 

(iii) Some of the practical constraints such as limits on the transformer taps and line 
flows have not been considered for solving the optimal power flow problem using 
genetic algorithm in Chapter 5. These constraints can be included in the model. 
More work is required to evolve an effective way to handle the functional inequalities 

in the genetic algorithm. 

(iv) The present study of optima] power flow using genetic algorithm has been conducted 
with the conventional serial implementation of the problem winch takes more CP 
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time. In oidei to fully exploit the benefit of genetic algorithm, its parallel imple- 
mentation may be tried out. 

(v) This thesis has only addressed to the static security analysis The work can be 
extended to consider the dynamic security aspects. 
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Appendix A 


The Fundamental Theorem of 
Genetic Algorithm 


I he theoretical foundations of genetic algorithm (GA) rely on a binary string represen- 
tation of solutions, and on the notion of a schema ( template) allowing exploration of 
similarities among chromosomes. The fundamental theorem is known as schema theorem 
which has been constructed by Holland [15] to demonstrate the information processing 
and convergence powers of a GA, and has come to serve as the central theorem of GA for 
almost a decade. The schema theorem explains how a balance between the exploration of 
new regions in the solution space and exploitation of those good regions that were already 
discovered, is realized by a GA implicitly through the use of the operators. 

A schema is built by introducing a don’t care symbol (*) into the alphabet of genes. 
A schema represents all strings (a hyper plane or subset of the search space), which 
matches it on all positions other than For example schema (*111100100) matches two 
strings (0111100100), (1111100100) and the schema (*1*1100100) matches four strings 
(0101100100), (01111100100), (1101100100), (1111100100) 

It is clear that every schema matches exactly 2 r strings where r is number of don’t care 
symbols ‘*’ in a schema template. On the other hand each string of length m is matched 
by 2 m schemata. There are two important schema properties: order and defining length. 
The schema theorem will be formulated on the basis of these properties. 

The order of the schema S (denoted by O(S)) is the total number of 0 and 1 present 
in schema, which is equal to the length of the template minus the number of don’t care 
(*) symbols. The order defines the speciality of a schema. The notion of the order of a 
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schema is useful in calculating survival probabilities of the schema for mutations. 

The d( Jiving Urigth of the schema S (denoted by S(S)) is the distance between the first 
and the last fixed string positions. It defines the compactness of information contained in 
a schema. The not, ion of the defining length of a schema is useful in calculating survival 
probabilities of the schema for crossovers. For example, the following three schemata, 
each of length 10, 

Si — (* * *001 * 110 ) 

=: (* * * * 00 * * 0 *) 

S 3 = (11101**001) 

have the following orders 


O(Si) = 6 , 0 ( 5 2 ) = 3 , 0 ( 5 3 ) = 8 

and the following defining lengths 

6{Si) = 10 - 4 = 6,£(S 2 ) = 9-5 = 4 and£(S 3 ) = 10 - 1 = 9. 

The number of strings in a population at the time t matched by schema S can be 
denoted by £(£,<)• The fitness of schema at time t ( F e (S,t )) is defined as the average 
fitness of all strings in the population matched by schema S. If p strings (Cu - - - C tp ) in 
population are matched by schema S , then 

(A.1) 


W)'E^ 

j=l F 


After the selection step, ({S,t + 1) strings are expected to match by schema S. Since 


(i) for an average string matched by a schema S , the probability of its selection (m a 
single string selection) is equal to F e (S,t)/F{t) (where F(t) is total fitness of the 
whole population at time t), 


(ii) the number of string matched by schema S is and 

(iii) the total number of single string selection is the number of population size (n). 


It is clear that 

C(S,i + l) = C(S,t).n. 
= C (S,t) 


F,(S,t ) 

m 


(A.2) 

(A.3) 


F(() 


where F(t) (= F(t)/n) h average fitness of population. If fitness of schema S is above the 
average fitness of population, then ratio ^ > 1. This implies that expected number of 
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tvpt ('srnl al ivc of schema S in population grows with generation. Equivalently, schemata 
with above (below) average fitness of population will receive increasing (decreasing) num- 
bei of samples under selection operation. 

I ho effect of other genetic operators, namely, crossover and mutation on survival 
of a sol lenia depend on three factors : defining length of schema, order of schema and 
probability of operators. 


A.l Effect of Crossover 


The survival of a schema S under this operator depends on defining length S(S). Assume 
that the crossover site m is chosen randomly. This means any of m — 1 positions of string 
belonging to a schema S can be selected with equal probabilities. The probability of 
destruction of a schema S is 


Pd{S) 


£Cg) 

m — 1 


and consequently, the probability of schema survival is 

S(S) 


p.{S) = 1 


m — 1 


(A.4) 


(A.5) 


Since only some chromosomes undergo crossover with probability P c , the probability of 
survival of a schema can be given by 

/ n\ 1 p 6(S) (A.6) 

P’W = i - p <— i 

Even if a crossover site is selected between fixed position in a schema, there is a still 
chance for the schema to survive [111]. Hence 

i(S) (A. 7) 


p ,( s ) > i - a 


m — 1 


A.2 Effect of Mutation 

Since the probability of the alteration of a single bit is P„, the probability of a single bit 
survival is 1 - Pm- A single mutation is independent of other mutations, so probability 
of a schema S surviving a mutation is 

p,(S) = (1 - A) 0,s) (A ' 8) 
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Since l’ in << 1 , this piobability can he approximated by 

— (1 — 0(S).P rn ) (A. 9) 

I ho combined effect of selection, crossover and mutation gives anew form of reproductive 
schema growth equation. 

«v + 1) > - p c A?L _ 0( s)p m] 

This is known as schema theorem. 


(A.10) 



Appendix B 


Data For IEEE 14-Bus Test System 
(At 100 MVA Base) 


The 1 EEE- 1 4 bus system is shown in Fig. B. 1 . The system data is taken from reference [44] 
and buses renumbered. The relevant data are provided in following tables. 


Table B.l: Generator Bus Data 


Bus 

No. 

Scheduled real 
power generation 

P G ( MW) 

Specified Voltage 
magnitude 
Vspec. (p.u.) 

Load 

Real 

(MW) 

Reactive 

(MVAR) 

1 (slack) 

— 

1.060 

00.00 

00.00 

2 

040.0 

1.045 

21.70 

12.70 

3 

020.0 

1.070 

11.20 1 

07.50 

4 

— 

DUO 

94.20”" 

19.00 

5 

— 

1“ 1.090 

00.00 

00.00 
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Tabic B.2: Generator Data 


Gen. 

no. 

Kea.1 power 
generation limit 

Reactive power 
generation limit 

Cost characteristics 1 " 

Maximum 

(MW) 

Minimum 

(MW) 

Maximum 

(MVAR) 

Minimum 

(MVAR) 

a, 

($/MW 2 -hr) 

b t 

($/MW-hr) 

(S/hr) 

1 

200.0 

050.0 

100.0 

-45.0 

1.0 

2.45 

105.00 

2 

100.0 

020.0 

1 SSfiKI 

moil 



044.40 

3 






3.89 

040.60 

4 

■ 

Mgsiasi 

040.0 

000.0 

— 

— 


5 

— 

— 

024.0 

-06.0 

— 

— 



* Fuel cost of i th gen. unit F \ = [\a l PQ x + 6, Pg , + c,)$/hr 


Table B.3: Load Bus Data 


Bus 

No. 

Load 

External shunt 
susceptance(p.u. ) 

Real (MW) 

Reactive (MVAR) 

6 

00.0 

00.0 

00.00 

7 

29.5 

16.6 

-0.19 

8 

07.6 

01.6 “ 1 

00.00 

9 

47.8 

-3.9 

00.00 

10 

09.0 

05.8 

00.00 

11 

03.5 

01.8 

l— 00.00 

12 

06.1 

k 01.6 

00.00 

13 

13.5 

05.8 

00.00 

14 

14.9 

05.0 

00.00 


Table B.4: Transformer Data 


Line 

From 

To 

Series impedance 

Tap settings 

no. 

bus 

bus 

Resistance (p.u.) 

Reactance (pm.) 


1 

8 

3 

0.0000 

0.25202 

0.962 

2 

9 

6 

0.0000 

0.20912 

0.978 

3 

9 

7 

0.0000 

0.55618 

0.969 
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Table B.5: Line Data 


Line 

From 

To 

Series impedence 

Shunt susceptance 

no. 

bus 

bus 

Resistance (p.u.) 

Reactance (p.u.) 

|B(p.u.) 

4 

1 

8 

0.05403 

0.22304 

0.0246 

5 

2 

8 

0.05695 

0.17388 

0.0170 

6 

4 

9 

0.06701 

0.17103 

0.0173 

7 

9 

8 

0.01335 

0.04211 

0.0064 

8 

1 

2 

0.01938 

0.05917 

0.0264 

9 

2 

4 

0.04699 

0.19797 

0.0219 

10 

6 

5 

0.00000 

0.17615 

0.0000 

11 

2 

9 

0.05811 

0.17632 

0.0187 

12 

6 

7 

0.00000 

0.11001 

0.0000 

13 

7 

10 

0.03181 

0.08450 

0.0000 

14 

3 

11 

0.09498 

0.19890 

0.0000 

15 

3 

12 

0.12291 

0.25581 

0.0000 

16 

3 

13 

0.06615 

0.13027 

0.0000 

17 

7 

14 

0.12711 

0.27038 

0.0000 

18 

10 

11 

0.08205 

0.19207 

0.0000 

18 

12 

13 

0.22092 

0.19988 

0.0000 

20 

13 

14 

0.17093 

0.34802 

0.0000 
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Data For IEEE 30-Bus Test System 
(At 100 MVA Base) 


Tho IEEE-30 bus system is shown in Fig. C.l. The system data is taken from reference [44] 
and buses renumbered. The relevant data are provided in following tables. 


Table C.l: Generator Bus Data 


Bus 

No. 

Scheduled real 
power generation 
Pq(. MW) 

Specified Voltage 
magnitude 
Vspec. (p.u.) 

Load 

Real 

(MW) 

Reactive 

(MVAR) 

1 (slack) 

— 

1.060 

00.00 

00.00 

2 

040.0 

1.045 

21.70 

12.70 

3 

020.0 

1.010 

00.00 

30.00 

4 

— 

1.082 

30.00 

00.00 

5 

— 

1.010 

09.42 

19.00 

6 

— 


00.00 



Table C.2: Generator Data 


Gen. 

no. 

Real generation 
limit 

React, generation 
limit 

Cost characteristics’' 


Maximum 

(MW) 

Minimum 

(MW) 

Maximum 

(MVAR) 

Minimum 

(MVAR) 

a, 

($/MW 2 -hr) 

k 

(S/MW-hr) 

(§/hr) 

1 

300.0 

050.0 

150.0 

-100.0 

1.0 

2.45 

105.00 

2 

150.0 

020.0 

050.0 

-40.0 

1.0 

3.51 

044.40 

3 

150.0 

020.0 

040.0 

-10.0 

1.0 

3.89 

040.60 

4 

— 

— 

024.0 

-06.0 

— 

— 


5 

— 

— 

040.0 

-40.0 

— 

; — 


6 



— 

024.0 

-06.0 

— 

— 
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Table C.3: Load Bus Data 


Bus 

Load 

External shunt 

No. 

Real (MW) 

Reactive(MVAR) 

susceptance(p.u.) 

7 

00.0 

00.0 

0.00 

8 

05.8 

02.0 

0.00 

9 

11.2 

07.5 

0.00 

10 

00.0 

-0.0 

0.19 

11 

07.6 

01.6 

0.00 

12 

22.8 

10.9 

0.00 

13 

00.0 

00.0 

0.00 

14 

06.2 

01.6 

0.00 

15 

08.2 

02.5 

0.00 

16 

03.5 

01.8 

0.00 

17 

09.0 

05.8 

0.00 

18 

03.2 

00.9 

0.00 ~ _1 

19 

09.5 

03.4 

0.00 

20 

r ° 2 - 2 

00.7 

0.00 

21 

17.5 

11.2 

0.00 

22 

00.0 

00.0 

0.00 

23 

03.2 

01.6 

0.00 

24 

08.7 

06.7 

0.043 

25 

00.0 

00.0 

0.00 

26 

03.5 

02.3 

0.00 

27 

1 02.4 

01.2 

0.00 

28 

f 00.0 

| 00.0 

^ 0.00 

29 

02.4 

T 00.9 

0.00 

30 

10.6 

01.9 

0.00 


Table C.4: Transformer Data 


Line 

310 - 

From 

bus 

To 

bus 

Series impedance 

Tap settings 

Resistance (p-u.) 

Reactance (p.u.) 

1 

13 1 

07 

0.0000 

0.2080 

0*978 

2 

13 

08 

^ 0.0000 

0.5560 

0.969 

A AAA 

3 

11 

09 

0.0000 

0.2560 

0.962 

A A A O 

V 

4 

28 

10 

“ 0 . 0000 ~ 

0.3960 

0.968 
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Table C.5: Line Data 


Line 

no. 

From 

bus 

To 

bus 

Series impedence 

Shunt susceptance 
?B(p-u.) 

Resistance (p.u.) 

Reactance (p.u.) 

— 

2 

5 

0.0472 

0.1983 

0.0209 

mm 

2 

13 

0.0581 

0.1763 

0.0187 

7 

11 

13 

0.0119 

0.0414 

0.0045 

8 

5 

12 

0.0460 

0.1160 ' 

0.0102 

KB 

13 

12 

0.0267 

6.0820 

0.0085 

mm 

13 

3 

0.0120 

0.0420 

0.0045 

mm 

1 

2 

0.0192 

0.0575 

0.0264 

12 

1 

27 

0.0452 

0.1852 

0.0204 

13 

7 

8 

0.0000 

0.1100 

0.0000 

mm 

2 

11 

0.0570 

0.1737 

0.0184 


9 

14 

0.1231 

0.2559 

0.0000 


9 

15 

0.0662 t 

0.1304 

0.0000 

mm 

9 

16 

0.0945" 1 

0.1987 

0.0000 

mm 

14 

15 

0.2210 

0.1997 

0.0000 1 

mm 

16 

17 

0.0824 

0.1923 

0.0000 

— 

15 

18 

0.1070 

0.2185 

0.0000 

21 

18 

19 

0.0639 

0.1292 

0.0000 1 

22 

19 

20 

0.0340 

0.0680 

0.0000 

23 

8 

20 

0.0936 

0.2090 1 

0.0000 

24 

8 

17 

0.0324 

0.0845 

0.0000 

25 

8 

21 

0.0348 

0.0749 

0.0000 

26 

8 

22 

[ 0.0727 

0.1499 

0.0000 

27 

21 

22 

0.0116 

0.0236 

h 0.0000 

28 

15 

23 

0.1000 

0.2020 

0.0000 

29 

22 

24 

0.1150 

0.1790 

0.0000 

30 

23 

24 

0.1320 

0.2700 

0.0000 

31 

24 

25 

0.1885 

0.3292 

0.0000 

32 

25 

26 

0.2544 

0.3800 

0.0000 

33 

25 

10 

0.1093 

0.2087 

0.0000 

34 

27 

11 

^ 0.0132 

0.0379 

0.0042 

35 

10 

29 

^ 0.2198 

0.4153 

0.0000 

36 

10 

30 

0.3202 

1 0.6027 

0.0000 

37 

29 

30 

0.2399 

H 0.4533 

0.0000 

38 

3 

28 

0.0636 

t-_ 0.2000 

0.0214 

39 

13 

28 

0.0169 

0.0599 

0.0065 

40 

9 

6 

0.0000 

0.1400 

0.0000 

A A A A A 

41 

7 

4 

0.0000 

0.2080 

0.0000 






Appendix D 

Data For 75-Bus UPSEB Test 
System (At 100 MVA Base) 


rhe 75-bus UPSEB system is shown in Fig. D.l. The system data is taken from U.P. 
itate Electricity Borad and buses are renumbered. The relevant data are provided in 
ollowing tables. 


Table D.l: Generator Data 


Bus 

No. 

Scheduled real 
power gen. 
P g (MW) 

Specified Voltage 
magnitude 
Vspec. (p.u.) 

Real power limits 

Reactive power limits 

Maximum 

(MW) 

Minimum 

(MW) 

maximum 

(MVAR) 

Minimum 

(MVAR) 

1 (slack) 

— 

1.030 

900.0 

100.0 

400.0 

0.0 

2 

260.0 

1.030 

300.0 

100.0 

96.0 

0.0 

3 

180.0 

1.050 

200.0 

40.0 

83.0 

0.0 

4 

100.0 

1.030 

170.0 

40.0 

60.0 

0.0 

5 

180.0 

1.050 

240.0 

.... 

00.0 

„ — 

31.0 

0.0 

6 

120.0 

1.050 

120.0 

00.0 

20.0 

0.0 

7 

060.0 

1.050 

100.0 

00.0 

19.0 

0.0 

8 

080.0 

1.050 

100.0 

20.0 

68.0 

0.0 

9 

550.0 

1.050 

570.0 

60.0 

250.0 

0.0 

10 

080.0 

1.020 

120.0 

30.0 

56.0 

0.0 

11 

109.0 

h 1.020 " 

200.0 

40.0 

105.0 

0.0 

12 

1800.0 

1.050 

1800.51 

1800.0 

344.0 

0.0 

13 

900.0 

1.050 

900.0 

900.0 

280.0 

0.0 

14 

150.0 

1.030 

150.0 

150.0 

84.0 

0.0 

15 

454.0 

1.010 

454.0 

454.0 

35.0 

-30.0 
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ble D.2 (Contd.) ... 


Bus 

No. 

Load 

Line Reactors 
in(MVAR) 

Real(MW) 

Reactive(MVAR) 

65 

147.84 

12.81 


66 

31.74 

15.18 


67 

96.43 

h 10.55 


68 

42.87 

33.60 


69 

55.94 

32.53 


70 

23.34 

2.30 


71 

91.73 

21.36 


72 

52.52 

11.76 


73 

477.0 

00.0 

50.0 

74 

288.0 

0.0 

283.0 

75 

-444.0 

0.0 




Figure D.l: 75-bus UPSEB system 
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Table D.3: Transformer Data 


Line 

no. 

From 

bus 

To 

bus 

Series in 
Resistance (p.u.) 

ipedance 

Reactance (p.u.) 

Tap settings 

1 

17 

1 

r .00073 

.01460 

1.000 

2 

16 

2 

j~ .00123 

.02469 

1.000 

3 

18 

3 

.00000 

.02917 

1.000 

4 

28 

4 

.00306 

.06135 

1.000 

5 

31 

5 

.00235 

.04710 

1.000 

6 

32 

6 

.00514 

.10285 

1.000 

7 

33 

7 

.00549 

.10978 

1.000 

8 

34 

8 

.00000 

.04860 

1.000 

9 

35 

9 

.00049 

.01943 

1.000 

10 

24 

10 

.00243 

.04860 

1.000 

11 

40 

11 

.00770 

.02720 

1.000 

12 

41 

12 

.00016 

.00591 

1.000 

13 

42 

13 

.00030 

.01199 

1.000 

14 

43 

14 

.00000 

.02841 

1.000 

15 

44 

15 

.00000 

.02273 

1.000 

16 

19 

20 

.00130 

.05208 

1.000 

17 

19 

20 

.00130 

.05208 

1.000 

18 

17 

16 

.00065 

.02604 

1.000 

19 

22 

25 

.00130 

.05208 

1.000 

20 

22 

25 

.00130 

.05208 

1.000 

21 

23 

24 

.00130 

.05200 

1.000 

22 

23 

24 

.00130 

.05200 

1.000 

23 

26 

27 

.00130 

.05200 

1.000 

24 

26 

27 

.00130 

.05200 

1.000 

25 

29 

30 

.00129 

.05208 

1.000 

26 

29 

30 

.00129 

.05208 

1.000 

27 

29 

30 

.00129 1 

.05208 

1.000 

28 

36 

37 

.00130 

.05208 

1.000 

29 

36 

37 

.00130 

.05208 

1.000 

30 

38 

39 

.00130 

.05208 

1.000 

31 

45 

44 

.00112 

.04444 

1.000 

32 

45 

44 

.00112 

.04444 

1.000 
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Table D.4: Line Data 


Line 

no. 

From 

bus 

To 

Series impedence 

Shunt susceptance 
\B (p.u.) 

bus 

Resistance (p.u.) 

Reactance (p.u.) 

33 

16 

46 

.01620 

.07760 

.07015 

34 

16 

46 

.01620 

.07760 

.07015 

35 

16 

50 

.02979 

.14238" 1 

.12881 

36 

16 

50 

.02979 

.14238 r 

.12881 

37 

16 

50 

.02979 

.14238 

.12881 

38 

17 

19 

.00468 

.04770 

.62450 

39 

17 

23 

.00785 

.07990 

1.04738 

40 

19 

26 

.00294 

.02997 

.39206 

41 

47 

50 

.01093 

.05221 

.18892 

42 

47 

67 

.00662 

.03164 

.11451 

43 

24 

27 

.00505 

.02416 

.08730 

44 

24 

54 

.02582 

.12342 

.11164 

45 

24 

54 

.02582 

.12342 

.11164 

46 

25 

43 

.01270 1 

.06410 

.05220 

47 

54 

28 

.01060 ' 

.05060 

.18320 

48 

28 

43 

.00580 

.02900 ‘ 

.02370 

49 

28 

56 

.00370 

.01780 

.06440 

50 

56 

30 

.00490 

.02370 

.08590 1 

51 ^ 

30 1 

57 

.00750 

.03840 

.03110 

52 

53 

30 

.00679 

.03412 

.02782 

53 

53 

61 

.00666 

.03390 

.02672 

54 

30 

61 

.01440 

.07310 

.05850 

55 

57 

58 

.00670 

h .03390 

.02670 

56 

57 

59 

.00583 

.02956 

.02346 

57 

59 

39 

.01410 

.07180 

.05700 

58 

39 

31 

^ .01440 

.07250 

.05900 

59 

54 

63 

.00990 

.05090 

.04010 

60 

55 

63 

.00780 

.03980 

.03140 

61 

61 

62 

.01160 

.05830 

.04750 

AC 

62 

62 

32 

.01380 

.07000 

.0563 

63 

62 

32 

^ .01380 

.07000 

.0563 

64 

35 

36 

.00479 

.04880 

.63614 

65 

46 

37 

.01732 

.08784 

.06973 

66 

19 

36 

.00254 

.02584 

.33798 

67 

17 

35 

.00051 

.00517 

.06760 

A A A A A 

68 

40 

48 

' .00830 

^ .04240 

.03340 

69 

74 

41 

.00927 

.09429 

1.23293 

“1 11 AO C t 

70 

74 

41 

.00833 

.08478 

1.10855 

f” 1 a A C AO 

71 

26 

41 

.00823 

.08375 

1.09503 

s aAW i A 

72 

48 

49 

.00930 

b .04750 

.03740 
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Table I). 4 (Oontd.) . . . 


Line 

From 

To 

Series impedence 

Shunt susceptance 

no. 

bus 

bus 

— 

Resistance (p.u.) 

Reactance (p.u.) 

|B (p.u.) 

73 

49 

40 

.01330 

.06680 

.05420 

74 

38 

29 

.00370 

.03762 

.48870 

75 

38 

22 

.00325 

.03307 

.43264 

76 

18 

47 

.00437 

.02552 

.09399 

77 

30 

65 

.00248 

.01186 

.04294 

78 

41 

42 

.00031 

.00310 

.04056 

79 

42 

74 

.00918 

.09306 

1.21680 

80 

23 

74 

.00015 

.00155 

.02704 

81 

24 

67 

.00124 

.00593 

.02147 

82 

18 

68 

.00336 

.01963 

.01808 

83 

18 

71 

.01344 

.07852 

.07230 

84 

27 

68 

.01344 

.07852 

.07230 

85 

27 

71 

.00336 

.01963 

.01808 

86 

43 

58 

.01315 

.06696 

.05278 

87 

43 

56 

.00499 

.02397 

.08523 

88 

55 

44 

.01996 1 

.09588 

.08523 

89 

55 

44 

.01996 ' 

.09588 

.08523 

90 

73 

45 

.00121 

.01109 

.72815 

91 

29 

22 

.00260 

.02646 1 

.34610 

92 

21 

65 

.00083 

.00396 1 

.01431 

93 

34 

54 

.03540 

.17020 

.15130 

94 

34 

54 

.03540 

.17020 I 

.15130 

95 

39 

33 

.01410 

.07180 

.05700 

96 

39 

33 

.01410 

.07180 

.05700 

97 

31 

32 

.00050 

.00253 1 

.00805 

98 

20 

40 

.01160 

.05880 

.04710 

99 

20 

40 

.01160 

.05880 

.04710 

100 

21 

30 

.00695 

.03500 

.02843 

101 

28 

55 

.01998 

.10127 

.08051 

102 

35 

41 

.00031 

.00310 

.04056 

103 

37 

69 

.01212 

.06100 1 

.04956 

104 

25 

60 

h .01660 

.08430 

— — 

.06720 

105 

51 

52 

.01550 

.07940 1 

.06300 

106 

20 

64 

.01830 

.09270 

.07390 

107 

70 

72 

• 00878 

.04430 

.03580 

108 

20 

66 

.01325 

.06667“ 

.05416 

109 

29 

75 

.00051 

' .00517 

.06760 

110 

26 

22 

.00650 

.06617 

.86521 

111 

23 

29 

.00806 

.08169 

1.06808 

112 

74 

73 

.00559 

.05686 

.74354 

113 

25 

72 

.01598 

.08108 

.06436 

K — 

1 1 A 

97 

51 

01600 “ 

.08100 

F .06440 
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